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PREFACE 



This case study represents an actual situation which 
took place in the Pennsylvania Power and Light Company . 
It reveals some of the important facets which seem to be 
common to many, if not all, engineering problems. 

The first of these is the uniqueness of the specific 
situation. Although the problem of conductor thermal ca- 
pability had been worked on by others, their results could 
not be applied directly to the PP§L system because of PP§L ! s 
own particular line design, weather conditions, and geo- 
graphical location . 

The second is the need to make assumptions and to test 
the effects of the assumptions on the final result. In 
this instance, assumptions were made with regard to solar 
absorption, radiation emissivity, hours of operation above 
annealing temperature, and others. These all were rather 
conservative, but nonetheless the study results made with 
these assumptions permitted a much more liberal line load- 
ing than had been allowed prior to the study. 

Finally, there is always the need for balancing oppos- 
ing parameters - -trading off one feature for another, as 
it were. In this study, compromises had to be made between 
thermal loading and conductor annealing, between line de- 
sign and emergency overload frequency and duration, between 
benefits of increased line loadings and costs of increased 
line losses. 

The approach used in solving the problem described 
in this case study- -specifying its uniqueness, making valid 
assumptions and reaching acceptable compromises - -can be 
adapted to the solution of many other engineering problems. 

E. F. Re is 
Pennsylvania Power 
and Light Company 
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INTRODUCTION 

In 1958, Jack Roth, as a project engineer in the Sys- 
tem Planning Division of Pennsylvania Power § Light Company, 
was involved in the forecasting of loads on the transmis- 
sion lines of the company* These studies are attempts to 
predict one to five years in advance the current flow in 
the many lines of the company f s transmission system. 

It was the function of the System Planning Division 
to develop plans for the orderly expansion of the electri- 
cal system to include the establishment of the need and 
location of additional facilities , determining voltages 
and obtaining the rights of way. This information would 
then be given to the Transmission Section of the Electri- 
cal Engineering Department which had the responsibility 
for the electrical and structural design of the power lines. 

However, land costs and the costs of stringing new 
lines for transmission lines, primarily land costs, were 
becoming extremely expensive, and there was a resulting 
economic motivation to make maximum use of existing lines 
and rights of way. Jack said, "It seems that every time 
we plan a new transmission line, the land costs immediately 
skyrocket along the proposed right of way. This, added 
to the litigation costs which are also increasing, leads 
to exorbitant costs per mile for system expansion." 

His analysis showed that loads very close to or exceed- 
ing manufacturer's ratings could be expected on many of 
the transmission lines in the very near future. Normally, 
under these conditions, the planning of new lines would 
be initiated. However, due to the greatly-increased costs 
of new transmission lines, Jack was asked to consider al- 
ternative solutions to the problem. 

Jack was aware that the manufacturer's ratings were 
conservative; in fact, some of the adjoining utilities used 
ratings for their lines which exceeded the manufacturer's 
recommendations. However, if plans for system reinforce- 
ment were not initiated, difficulty in obtaining approval 
for the "overloaded" lines from the Operating Department 
was anticipated. Indeed, when the Operating Department 
was contacted, they informed System Planning that the Op- 
erating Department would not operate any line above the 
existing rated load until they were convinced this was a 
safe procedure, and new maximum ratings were established. 
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Jack Roth attended several meetings held in the Sys- 
tem Planning Department to discuss methods of rating lines. 
It was noted that the manufacturer's ratings were obtained 
on the basis of thermal calculations. High voltage trans- 
mission lines are not normally limited by voltage drop con- 
siderations but, rather, by the increase in temperature 

2 

of the wire resulting from the I R losses. The problem 
is basically one of heat balance--the heat gain due to the 
2 

I R loss plus solar radiation, must equal the heat dissi- 
pated by convection and radiation, in the steady state. 
In this analysis, the resulting temperature of the wire 
is of utmost importance. With increasing temperature, 
annealing of the wire will take place. 

Annealing characteristics of copper and aluminum are 
well known. Annealing means loss of strength, and it occurs 
whenever the copper or aluminum is heated above roughly 
100°F. It is a time -dependent phenomenon and occurs at 
a very slow rate at 100°F but accelerates quite rapidly 
as the temperature of the conductor increases. Annealing 
is also a cumulative effect; during cyclic temperatures, 
the amount of annealing depends upon the operation time 
at high temperature and the resulting loss in strength will 
not be regained when the temperature is reduced. (Some 
typical annealing curves are presented in Figure 1A, Appen- 
dix A. ) 

One other point concerning this loss of strength should 
be noted--the mechanical strength of an electrical conduc- 
tor is usually put to its most severe test in winter time, 
when there are heavy winds and sieet or ice loadings on 
the conductor. On the other hand, the loss of strength 
due to operation at elevated temperatures is most likely 
to occur in the summer time with high ambient temperatures 
and heavy electrical loads on the lines. Thus it is pos- 
sible for a line to suffer a severe loss of strength in 
the summer time but actual failure would not take place 
until the following winter! 

Returning again to the determination of the tempera- 
ture of the conductor, we see that the principal mechanism 
for heat dissipation is forced convection which is primarily 
dependent upon atmospheric temperature and wind speed for 
a given conductor. Although the manufacturer's ratings 
were obtained on the basis of thermal calculations, they 
provided but a single rating for each conductor for the 
entire country, thereby ignoring the variations in thermal 
environment. When Jack heard this he exclaimed, "You mean 
the rating would be the same in Alaska and the Arizona 
desert ! " 
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At several of the meetings, Jack had a definite impres- 
sion that some of the participants felt they were wasting 
their time discussing thermal ratings. They felt that the 
manufacturer's ratings were conservative, therefore had 
a factor of safety and this was desirable. The only way 
Jack was able to keep the discussion open was to note a 
neighboring utility used ratings considerably in excess 
of manufacturer's ratings and had not experienced any dif- 
ficulties. 

It was finally decided to proceed with the analysis 
of the problem, and the Electrical Research Section of the 
Electrical Engineering Department was asked to render as- 
sistance. Ed Reis, a young engineer in this section, was 
assigned to the project. 



JACK ROTH AND £H REIS - 

Jack Roth graduated from Bucknell University in 1952 
and obtained his master's degree from Lehigh University 
in 1963- -he was working part-time toward his Master's de- 
gree at the time of this project. After graduation from 
Bucknell, he joined the IBM Corporation. About six months 
later, Jack found it necessary to resign his position to 
assist in the management of a family-owned business. After 
approximately one year, the difficulties in the business 
cleared up and in July, 1954, Jack joined PP$L. 

In October, 1955, at the completion of the company 
training program, he was assigned to the Transmission Plan- 
ning Section of the System Planning Department. In Jack's 
words, "I was one of two project engineers in this section 
and, therefore, had a 50% chance of getting any particular 
job that came into the section. This is about how I view 
my assignment to the thermal rating study. " Jack further 
explained that he was convinced it would be safe to oper- 
ate certain transmission lines above the manufacturer's 
ratings but the Operating Department was adamant in their 
refusal to operate the lines above these values. They would 
have to be convinced! 

Ed Reis, a 1956 graduate of Lafayette College, had 
just received his MSEE degree from Lehigh University. He 
worked for PP$L during the summers prior to his junior and 
senior years at Lafayette and joined them on a full-time 
basis after graduation. From 1956 to 1958 he was assigned 
to the Substation Design Section of the Electrical Engineer- 
ing Department and, after obtaining his master's degree, 
was transferred to the Electrical Research Section. "The 
function of the Electrical Research Section is to explore 
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and evaluate new energy sources, equipment, and products 
as well as to work on nonroutine and unusual problems of 
an engineering nature. Although my degrees are in electri- 
cal engineering , I welcomed the opportunity to expand my 
knowledge by getting involved in this pro j ect , which is 
essentially mechanical in nature, 11 Ed said. 

The project was given a high priority, but it was un- 
derstood that Ed would not work full time on the thermal 
rating as he was at that time involved in two other proj- 
ects . 



P ENNSYLVANIA P OWE R ANJ3. LI GHT C OMPA N Y 

The PP$L Company serves a 10,000 square mile area in 
Central-Eastern Pennsylvania, with headquarters in Allen- 
town, Pennsylvania. It is an investor-owned public utility 
and is a part of a large power pool known as the Pennsylvania- 
New Jersey -Maryland (PJM) Interconnection, composed of 13 
companies serving an area of 48,700 square miles. PP§L 
produces electric power from five steam, three hydro -electric 
and nine combustion- turbine generating stations, and can 
purchase power from or sell power to neighboring utilities 
via the PJM Interconnection. 

Figure 2A, Appendix A, shows the main PP§L power sup- 
ply system and interconnections as of 1974, including pro- 
jected system expansion. At the time of this project, 1958-60, 
the highest transmission voltage used in the system was 
220 KV (kilovolts). 



PROPU EM PEFI NIT IO N 

As Ed and Jack sat down to define the scope of the 
study they agreed that, initially, they would attempt to 
determine the current carrying capacity of all the 220 KV 
lines on the system. The thermal limitations of terminal 
equipment ..and line accessories such as conductor clamps 
and disconnects were not to be included nor was considera- 
tion to be given to limitations imposed by voltage drops 
or system stability. 

In approaching the problem, they considered the fol- 
lowing to be the key considerations: 

1. What methods were available to evaluate the heat 
loss from a cylindrical surface under outdoor con- 
ditions ? 
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2. What were the wind conditions and ambient temper- 
atures prevailing on the PP§L system? Were they 
similar to the values used in determining the manu- 
facturer's rating? 

3. How significant was the solar radiation heat gain? 
It solar heat gain had to be considered, separate 
calculations would be required for each line to 
include its orientation. 

4. At what temperature could the transmission lines 
operate? This would be a function of their an- 
nealing characteristics and also of the construc- 
tion of the line. The common type of conductor 
used in 220 KV transmission is ACSR (aluminum cable 
with steel reinforcement). If the temperature 

of the aluminum exceeded 100°F, annealing would 
taKe place; however, no annealing of the steel 
would take place in the operating temperature range 
J iSi» Cond yS t £ r - Theref °re, the annealing curve 
of ACSR would be a composite of the aluminum and 
steel and would depend on the ratio of the two 
materials used in the conductor. (Figure 3A shows 
a cutaway view of an ACSR cable.) 
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APPENDIX A 




Per Cent of Initial Ultimate Strength 
Figure 1A 
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Figure 3A 



Steel-reinforced aluminum conductor, 19 steel strands, 30 aluminum strands 

(Aluminum Company of America) 
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THE LITERATURE SEARCH 

"As you would expect, my first approach to this prob- 
lem was to conduct a search of the literature. Jack Roth 
gave me a lead on a paper published by two engineers at 
Philadelphia Electric Company, a neighboring utility. This 
paper was the basis for the ratings established by PE Com- 
pany, which exceeded the manufacturer's values. Jack viewed 
the PE ratings with envy! 1 ' Ed Reis remarked. He continued, 
"I also located an article dealing with thermal rating in 
Electrical World authored by Mr. H. A. Enos of the American 
Gas and Electric Service Corporation. Interestingly, both 
of the papers were published in 1943. As you will recall, 
in 1943 the country was engaged in World War II and there 
was a severe scarcity of copper, the conductor material 
used almost exclusively at that time. Consequently, there 
was a great deal of interest in determining the maximum 
current that could be safely carried on existing conductors. 
The incentive existed to get all they could out of their 
lines! Apparently, as a result of the post-war boom and 
the switch from copper to aluminum as the primary conduc- 
tor material, little use was made of this information . M 

The article by Mr. Enos is included in Appendix B as 
Reference IB. The heat balance equation used by this author 
is that, in the steady state, the heat gain due to the 
2 

I R loss plus solar radiation must equal the heat loss by 
convection plus radiation or: 

I 2 R + W = W + W 
s c r 

where I * Current amps 

R = Resistance of wire per unit length, ohms/ft 
W s = Heat gain due to solar radiation, watts/ft 

W c = Heat loss by convection, watts/ft 

W r = Heat loss by radiation, watts/ft. 

The formulae used by Mr. Enos for the heat gain and losses 
are in the appendix and will not be duplicated here. He 
considered them to be the most complete and accurate for- 
mulae available at the time. They were obtained from the 
International Critical Tables, published in 1929, and the 
"classic 11 heat transfer text by McAdams, published in 1942. 
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In considering the heat loss by convection, Mr. Enos in- 
cluded expressions for both natural and forced convection; 
and for heat loss by radiation, expressions for dissipation 
to the earth and to the sky. The author recommended his 
procedure rather than, in his words, "some short-cut meth- 
od." 

The Philadelphia Electric Company paper, entitled "Am- 
pere Load Limits for Copper in Overhead Lines," was pre- 
sented to the American Institute of Electric Engineers, 
now the Institute of Electrical and Electronic Engineers, 
by Messrs. A. H. Kidder and C. B. Woodward in 1943. The 

2 

heat balance used in this paper was the I R loss in the 
conductor equaled the heat dissipation by forced conduction 
and radiation or, as presented by the authors: 

I 2 R = WS 

where W = Heat dissipated by radiation and forced convec- 

2 

tion, watts/in 
S = Surface area of a given length of conductor, in . 
The authors of this article considered the effect of solar 
radiation to be insignificant. They also used a single 
expression for radiation heat loss--Mr. Enos presented two-- 
and only considered forced convection. The authors were 
able to reduce the problem to the following expression for 
the ampere carrying capacity: 

I = CK d 4 /d + 2s 

where C = Residual factor 

K = Atmospheric factor 

d = Conductor diameter 

s = Conductor cover thickness . 
(This article is included in the appendix as Reference 2B 
on page 6B; the expressions for K and C are included there.) 
The atmospheric constant depends on wind velocity, atmos- 
pheric temperature, and conductor surface temperature. 
The residual factor contained convection and radiation 
constants as well as wind speed and conductor and ambient 
temperatures. Messrs. Kidder and Woodward were able to 
show that C was practically a constant for the conductor 
sizes, wind velocities and temperatures used in the study. 
Therefore, within five percent error, the problem could 
be reduced to the determination of the atmospheric factor, 
K. Using U. S. Weather Bureau data to obtain simultaneous 
values of temperature and wind speed, the atmospheric factor 
was determined for a given conductor temperature. Since 
the object is to carry a high load at the lowest possible 
conductor temperature, the worst ambient condition is the 
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combination of high temperature and low wind speed. How- 
ever, the authors found that maximum ambient temperature 
was not coincident with minimum wind speed! The maximum 
ambient temperature of 40OC (104°F) was accompanied by an 
11 miles per hour wind. The worst condition, lowest value 
of K, found in their study was a temperature of 23°C (74°F) 
and a wind speed of one mile per hour. 

The equations used for forced convection and radiation 
loss in Messrs. Kidder and Woodward's paper were obtained 
from an article published in the General Electric Review 
in 1930 authored by Messrs. 0. R. Schurig and C. W. Frick. 
Mr. Enos questioned the validity of the assumptions as well 
as the accuracy of these equations, and the written discus- 
sion of the Philadelphia Electric Company paper reveals 
an exchange between Messrs. Enos and Kidder. (The written 
discussion is also included in Appendix B, page 11B.) 



THE METHOD 

After Ed and Jack had reviewed the two papers and traced 
each equation back to its source, they decided to use the 
relationships presented in the article by Mr. Enos. Although 
Mr. Enos strongly recommended that heat loss by radiation 
and solar heat gain be included in the analysis, they were 
reluctant to do so. If solar heat gain were to be included, 
separate calculations would be required for each line to 
consider its orientation. The solar heat gain also depends 
on the time of day, presence of cloud cover and the emis- 
sivity of the line. Ed said, "Mr. Kidder ignored solar 
heat gam but included the heat dissipated by radiation. 
This was a non-conservative assumption- - the actual temper- 
ature of the lines would be higher than his predictions. 
As Jack and I were kicking this around, I sat down and cal- 
culated the heat gain by solar radiation at high noon on 
a clear day for a line running east -west and compared this 
to the heat lost by radiation." He found the heat lost 
by radiation to be greater than that gained by solar radi- 
ation and concluded he would be conservative in his ratings 
if he ignored all radiation. Consequently, the heat bal- 
ance reduces to the situation in which the heat gained due 
2 

to the I R loss equals the heat loss by convection. Ed 
used the expression for forced convection given in the 
article by Enos and simplified it to obtain: 

o 1.7 x 10" 4 (T - T ) fT + T v 754 
t z r = c a' c a J 

.'000305 (T — ^~T1 

log c a_ + 1 

iU (VD) ,b/ 
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where I = Current in amperes 

R = Conductor resistance, ohms per foot 
T c = Conductor temperature, degrees Kelvin 

T = Ambient temperature, degrees Kelvin 
a 

V - Wind speed, feet per second 

D = Conductor diameter, inches. 
Ed called the right hand side of the above expression the 
weather factor, K, similar to the procedure used in the 
PE Company report. For a given conductor, Ed's weather 
factor also depended upon the ambient temperature, the wind 

2 

speed, and the conductor temperature- -K is simply the I R 
loss per foot of conductor . 

The problem now confronting Ed and Jack was to obtain 
working values of these parameters. They felt that reason- 
able values of conductor and ambient temperatures could 
be obtained without too much difficulty but pondered over 
the assumption of wind velocity. Ed mentioned to Jack that 
the manufacturer's usual assumption was a wind speed of 
two feet per second. Jack spread his hands approximately 
two feet apart, blew softly and exclaimed, H Two feet per 
second is hardly any wind at all!" Shortly thereafter, 
Jack stopped to see Ed and noticed a mound of paper on his 
desk. Ed had decided to analyze Weather Bureau data for 
the PP§L system in order to determine the most severe op- 
erating conditions for the system lines. The mound of pa- 
per represented three years of weather records in the form 
of hourly temperatures and wind speeds from the Allentown- 
Bethlehem-Easton Airport, Scranton and Harrisburg, Pa. 

However 5 , in analyzing the records Ed discovered that, 
at times, the wind speed at the weather station is insuf- 
ficient to spin the anenometer and the symbol C, for calm, 
is reported. Ed and Jack's procedure only included forced 
convection and therefore, the C f s represented a problem. 
Ed thought, "Since the conductor is at a higher temperature 
than ambient, natural convection currents will be set up, 
and I should be able to use this velocity during calm con- 
ditions. What I did was to calculate the free convection 
heat loss, using the equation in Enos 1 report, and then 
determined what wind speed in the forced convection equa- 
tion would yield the same heat loss. The calculations in- 
dicated the equivalent velocity was approximately 1/2 foot 
per second. Consequently, for those hours when 'calm 1 was 
recorded in the reporting forms, I inserted the value 1/2. " 

Wi'ch this problem solved, Ed then wrote a computer 
program to calculate K and obtain a frequency distribution 
curve for various conductors for the winter months November, 
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December, and January, and the summer months June, July, 
and August. The conductor temperature assumed for these 
calculations was 100°C. (A typical curve is shown in Ap- 
pendix B, Figure IB.) 

The conductor temperature of 100°C was close to the 
200°F (93°C) design temperature recommended by the manu- 
facturer of stranded aluminum and ACSR conductors. How- 
ever, Ed and Jack were interested in obtaining the current 
carrying capacity on the few days of the year when ambient 
conditions gave poor heat removal; i.e., it would be nec- 
essary to determine the maximum safe operating temperature 
of the conductor. 



FINAL ENGINEERING CONSIDERATIONS 

Ed was aware that, when a conductor is operated above 
its design temperature, two factors to be considered are: 

1. The thermal expansion resulting from high temper- 
ature operation will increase the sag of the wires 
It is possible that the conductor clearance may 

be reduced below minimum safety requirements as 
specified by the National Bureau of Standards. 

2. High temperature operation may cause a loss of 
conductor tensile strength- -annealing . (The an- 
nealing problem was discussed in Part A and Fig- 
ure 1A shows typical annealing curves.) Briefly, 
the cumulative time of operation at elevated tem- 
peratures must be considered in determining how 
much annealing has taken place. 

To obtain additional information on these two points, 
meetings were held with representatives of two companies 
Aluminum Corporation of America (Alcoa) and Anaconda Wire 
and Cable Company. Jack wanted the manufacturers to dis- 
cuss the characteristics and to provide maximum operating 
temperatures of their conductors. Because of the many var- 
iables involved in line construction, conductor size, mini- 
mum clearances, and allowable loss of strength, neither 
company would make recommendations concerning the maximum 
operating temperature for transmission line conductors. 
However, they presented various curves which show the re- 
lationship between loss of strength, operating temperature 
and time for conductor grade aluminum and copper. 

Figure 1A, discussed previously, was obtained from 
Alcoa. From this figure, it is seen that annealing begins 
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at a temperature slightly above ambient temperatures for 
aluminum, but at 100°C there is only a 10% loss in ultimate 
strength in 10,000 hours. 

On the other hand, the strength of the steel core in 
ACSR conductor remains essentially constant up to about 
450OC (842°F) . Therefore, the annealing curves for ACSR 
conductor are a composite of annealing curves for steel 
and aluminum dependent upon the ratio of aluminum to steel 
strands in the cable. Calculations for one of the common 
cables used on the PP§L system showed that a 201 loss of 
strength in the aluminum strands resulted in an 11% loss 
of strength in the complete cable. With this information 
and the annealing curves, Ed saw that an increase in the 
maximum conductor temperature to 125°C would decrease the 
strength of the cable less than 11% in 10,000 hours. 

To determine the probable amount of conductor anneal- 
ing he decided to determine the number of hours per year 
that a typical line would operate at annealing temperatures. 
At Ed's request, the System Operating Department prepared 
load duration curves for several 220 KV and 66 KV transmis- 
sion lines. (Figure 2B shows the 220 KV line loadings for 
the summer of 1958.) Using these curves, Ed obtained the 
number of hours of operation per year at annealing temper- 
atures by assuming that the probability of a low weather 
factor occurring simultaneously with a high line loading 
is the product of the probability of each occurring inde- 
pendently. The results indicated a total of approximately 
36 hours per year at conductor temperatures between 80°C 
and 125°C. On this basis the conductor would have to op- 
erate for about 300 years to obtain 10,000 hours of anneal- 
ing time, obviously well beyond the useful life of a trans- 
mission line! Considering 50 years of useful life for a 
line, the loss of strength was estimated at less than five 
percent . 

Finally, all existing 220 KV lines on the system were 
reviewed by the Transmission Section of the Electrical Engi- 
neering Department to determine if any of the following 
considerations would be the limiting factor in establishing 
a maximum conductor temperature: 

1. Increase in sag at higher temperature causing 
either reduced ground clearances or reduced 
clearances to other lines . 

2. Localized heating in conductor clamps or splices. 

3. Limitations in terminal equipment- - switches , line 
traps, transformers, and so forth. 
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The lines erected prior to 1950 were found, with few 
exceptions, to be limited by the increased conductor sag 
when operating at higher temperatures. The maximum current 
for these lines had to be limited to a value which would 
produce a conductor temperature no greater than that allowed 
by minimum clearance requirements. In several lines, carry- 
ing capacity was limited by localized heating in magnetic 
type clamps or in line splices. Ed prepared a table for 
all 200 KV lines giving the maximum operating current under 
summer and winter conditions. This table also included 
suggested construction changes to increase the capacity 
of the lines limited by sag, clamps or terminal equipment. 
This report was issued on July 13, 1960. (Portions of this 
report are included as Reference 3B beginning on page 16B 
of the appendix.) For the newer lines the ratings, as a 
result of this study, were increased approximately 40% for 
summer time operation and 60% for winter time operation. 
This. significant increase in current carrying capability 
has deferred the need for new lines and postponed substan- 
tial capital expenditures. 

Recognizing the need for additional conductor ratings 
in designing new lines and substations as well as obtain- 
ing maximum use from present facilities, a second report 
was prepared to include ratings for commonly used types 
and sizes of copper, aluminum, and ACSR base conductors, 
with an expanded temperature scale of 90°C to 180°C. This 
report was issued on October 17, 1960. 
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Current-Carrying Capacity 
of Overhead Conductors 

Multiplicity of variables leads to basic formulas which cannot be replace 
by simpler iormulas without the sacrifice of accuracy — Formula 
and application table presented lor maximum utilization of facihtU< 

H. A. EiVOS/ American Gas <£■ Electric Service Corporation, New York, N. Y. 



SINCE the matter of current-carrying 
capacity of overhead conductors has 
become of such urgent interest under 
wartime conditions the author has 
studied the available data on which 
to base current-carrying capacity 
calculations. The desire to approach 
more closely the limiting values of 
current which might damage the con- 
ductor has brought about the neces- 
sity for the most accurate means of 
calculating the permissible currents. 
Until recently very little careful work 
has been done on this subject because 
of a lack of interest in it. However, 
interest in the heat transmission 
problems of mechanical engineering 
has stimulated careful research along 
that line which has produced quite 
accurate formulas which are equally 
adaptable to these electrical problems. 
Basic principles of heat conduction 
and radiation have been well known 
for quite sonic time. There is no dis- 
agreement among the various author- 
ities as to the methods of calculation 
to be used for the usual applications. 

Heat Dissipation 

With regard to heat dissipation by 
convection the situation is not so 
fortunate. There are several theories 
as to the mechanism of convection 
and they are all difficult to express 
accurately in the form of formulas. 
This is primarily true because of the 
lack of sufficient experimental data. 
Formulas ol this type which take 
proper account of ail the factors in- 
volved are somewhat cumbersome, 
and one may be tempted to use the 
simplified approximate formulas 
which are presented in various texts. 
Those simplified formulas are quite 

♦Distribution Ei»gin#«r, 
80 (1612) 



satisfactory for cylinders larger than 
1 in. in diameter, but, unfortunately, 
in the case of the usual sizes of wire 
they are quite ir.accurate. the inac- 
curacies increasing rapidly with a 
decrease in wire size. The more com- 
plete formulas are recommended ; they 
will not be found too burdensome. 

Proper procedure in determining 
the current-carrying capacity of a 
bare conductor is first to decide upon 
the maximum allowable temperature 
for the conductor itself. Considera- 
tion should be given to the effect of 
t^mnAroturo *"*ncl it* 7 di^rciticr? iiTjc.i the 
strength or life of the conductor (this 
will be discussed in greater detail 
later in this article). The next step 
in the procedure is to decide as to the 
air temperature, wind velocity and 
earth temperature under which it is 
desired the conductor shall reach its 
maximum temperature. 

Having made the foregoing as- 
sumptions, it is only necessary to sub- 
stitute in the appropriate formulas 
those values together with the values 
of the factors which arc dependent 
upon the kind and condition of the 
conductor. The heat balance for the 
equilibrium condition states that the 
watts generated in or absorbed by the 
conductor equals the watts dissipated 
from the conductor surface. Then the 
watts loss due to electrical resistance 
of the conductor plus the watts ab- 
sorbed from solar radiation is equal 
to the watts dissipated from the wire 
by radiation and by convection. 

Since an outdoor conductor usu- 
ally has the possibility of having the 
sun shine upon it at the time of maxi- 
mum current flow, the effect of the 
solar heat should be taken into con- 
sideration. Since the calculations 
easily show that its effect is consider- 



able it cannot be safely ignored. Si:*, . 
also, its calculation is very sirnj.!.- 
there is no good reason for ignmii . 
it. Some have concluded, as a itm;I: 
of tests which they have not propriK 
interpreted, that the effect of niI.h 
radiation is negligible. The rend*! 
should not fall into the same error. 

Radiation and Convection 

In determining the amount of dis- 
sipation by radiation it is essential 
that it be calculated by the application 
of a suitable formula. There is a con- 

C i A V n 1 \1 ?\ J-fT /"»»•«-»»-« «-»/>» t> «■»•■ T .« » -w* *•!■» f r •* 

mulas for radiation from a wire in a 
closed room and for radiation from a 
wire outdoors. Indoors the radiation 
takes place from the wire to the w idi- 
ot the room and objects in the room. 
Temperature of the receivers of tin- 
radiation should be used in the for- 
mula and not the air temperature 
Outdoors the radiation takes pla««- 
partly to the sky and partly to tin- 
earth and adjacent structures. On a* 
count of the difference in the formu- 
las for the two portions of the null'- 
tion they must be calculated sepa- 
rately. 

In calculating the dissipation d::»' 
to convection for outdoor condwM- 
it is usually considered that sow 1 * 
air movement is always present. 
ever small. In that case the forming 
for forced convection should be im 
It is based upon the direction of an 
movement being at right angles t<» 
the axis of the conductor. Of cotir-'' 
there is always the possibility l' 1 '' 
the wind may blow parallel to *' ■•' 
conductor at the time of maxim» :!! 
current. In that case the dissipatn-" 
will be less, but no formula is ava» 
able for calculating it An approving 
tion may be resorted to by consider 
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.;,v :.i*ul to be crosswise but rc- 
j.jrj-d in velocity, say by half. If one 
.irsires to be quite co/isen ai'we with 
;r ^jrd to this calculation of convex- 
-If, .5 tnc velocity of the wind may be 
^utnert at zero. In that case the for- 
mula for natural or free convection 
.liouhl be used. 

Loss in Strength 

It is desirable to r^fW again to the 
(jU'"ition of the maximum allowable 
ti in|)craUire for the conductor. Kven 
under wartime conditions it is usually 
ihmiiilit best that the wire tempera- 
ture should not reach a point or at 
least continue long at a point at which 
the wire mi^ht be permanently dam- 
aped. In the case of hard or medium 
hard drawn copper it is certain that 
it is undesirable to anneal the wire, 
I'nfortunatch it is not known defi- 
nitely what combinations of tempera- 
lure and time will just begin to anneal 
the wire. Too few tests have been 
made to determine those fact-. Prac- 
tically no tests have been made to de- 
termine the effects of heating under 
tension. There is som* evidence that 
repeated cycles of heating and cooling 
have a cumulative effect, but the real 
extent is unknown. The effect of wire 
movement while hot is unknown and 
no correlation of change in clastic 
limit with change in ultimate strength 
has been made. 

In view of the chaotic status of this 
problem at present it is not wise to 
propose radically higher operating 
temperatures, especially when ade- 
quate current-carrying capacities will 
he found for most wartime conditions 
with conservative values of conductor 
temperature. It is quite likely that past 
»'\pcrience will show that a tempera- 
ture of 80 deg. C. will not damage 
eopper conductors under the usual 
loading cycles. Probably occasional 
Miort-time operation at around 95 
deg. C. will not result in serious dam- 
age, although some tests have shown 
;i slight reduction in strength after 
operating at 100 deg. C. for one hour. 
\t any rate it is advisable to leave 
"nme margin to take care of transient 
overload conditions a. id short cir- 
cuits. 

In the case of weatherproof! :ig cov- 
ered conductors the calculations are 
much simplified by using the diam- 
eter over the braid as the diameter of 
the conductor in the formulas. This 
is entirely correct since all of the 
heat generated in the conductor 
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by the current is conducted through 
the covering and is dissipated from 
the outer surface of the covering. It 
is necessary to assume a temperature 
for the outer surface of the covering 
which will be less than the maximum 
copper temperature by approximately 
the amount of expected temperature 
drop through the covering. With the 
usual eopper temperatures the tem- 
perature drop may be taken as 10 to 
15 deg. C. It is not necessary to know 
the exact temperature of the eopper 
conductor, but it may be checked if 
desired by means of the conduction 
formulas 1 10 > and (11). An error in 
assuming the copper temperature for 
the purpose of determining the con- 
ductor resistance is not serious be- 
cause of the very small temperature 
coefficient of resistance. 

Comprehensive Formulas 

The author presents here the most 
complete and accurate formulas for 
wires which he has been able to find 
after careful study of the available 
data. It is recommended that these 
formulas be u<ed rather than some 
short cut method. While they may 
seem complicated and difficult to use. 
that will not be found to be the case 
in actual use. Some may question 
why they have not been plotted into 
nomographic charts to simplify their 
use. It is doubtful whether satisfac- 
tory charts could be plotted from 
these complete formulas on account 
of the complex interrelationships of 
the various factors. Even if such 
charts were plotted they would be 
complicated and just as difficult to use 
as the formulas themselves. 

In using these formulas it is de- 
sirable to base all the calculations on 
a 1 -ft. length of conductor. A slight 
variation in atmospheric pressure has 
very little effect upon the accuracy of 
the calculations and. therefore, it is 
advisable to assume this pressure at 
one atmosphere. 

Heat Balance 

F R + W. — W e + Wr watts (I) 
Solar Radiation Absorbed fI> 

TT. = D La S watts (2) 

Convection 

(A) Dissipation by natural convection(-) : 
_ 7.6 X Kg T*™ T r A 

(B) Dissipation by forced convection* 5 ) : 
15. 1343 

4B 



Dissipation by Radiation— Outdoors a> (3) 

(A) R*ri ; .cion to the earth: 

watts (5) 

(B) Radiation to the sky: 
Jf M -30^eiF.(j^y^ watts (6) 

(C) Total radiation - TT\ = FT,, -f- W r . 

watts (7) 

(D) F. + F. = 1.00 (8) 

Dissipation by Radiation — in a Closed 
Room n> f3) : 

^••= 3o - 8 4(iS))'- G§o)'> 

watts (9) 

Dissipation by Conduction Through Wire 
Covering a> 

(A) Heat Balance, - PR - Tr* watts (10) 

(B) ll\ « - yjr^ watts 

00l202rlo gl ,m (H> 

Nome \clatu?e 
A = Surface area of wire or its coveringj 
if any, square inches « 
3.1416 DL 

a = Absorptivity of wire or covering, if 
any, for solar radiation. 

D « Outside diameter of wire or covering, 
inches. 

d = Inside diameter of wire covering, 
inches. 

a » Emissivity of wire or covering. 
et « Emissivity of earth or adjacent 
objects. 

F, = Fraction of total radiation directed 
toward the earth from wire. 

F, = Fraction of total radiation directed 
toward the sky from wire. 

L = Length of wire of area = A, inches. 

P m Atmospheric pressure, atmospheres. 

It = Resistance of wire of length = L, 
ohms. 

r « Thermal resistivity of wire covering. 

S » Solar constant under prevailing con- 
ditions of time of day, time of 
year, latitude, elevation and 
atmospheric conditions, watts per 
square inch. 

7' a » Average temperature of surface of 
wire or covering, if any, and 

Ti T 

ambient air, = ^ — - , degrees 

Kelvin. 

Tr = Temperature rise of wire, or cover- 
ing, if any, above ambient air ■» 
T\ — T 0 , degrees Kelvin (also 
Centigrade). 

7'. = Temperature of ambient air. deg. K. 

Ti — Temperature of wire or covering, if 
any, deg. K. 

Tt = Temperature of earth surface or 
adjacent objects, dr£. K. 

tu — Temperature drop through ire 
covering, deg C. 

V — Velocity of air movement, fee per 
sec. 

Factor Values 

Recommended values of the factors 
involved in the above formulas are 
given below. These values are the re- 
sult of a careful study of all of the 
available information and it is be- 
lieved that they will give results as 
close to accuracy as is possible with 
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present knowl?dr;£ of these factors, 
i. Absorptivity iot sokr radiation — a. 



Cn'idhea copper 6.*.,! 

'f: riiea copper O.SG 

VvVttnereo riiuwinum O.i>0 

Gaivanizng — new 0.65 

Gaivanizinq — weathered 0.75 

Galvanizing — very dirty 0. 9 f 

Waatherproot covering 0.90 



The above values were obtained from 
various sources, including: Kent's Me- 
chanical Engineers' Handbook; U. S. Bu- 
reau of Stds. Bull V. 7 and V. 9.; Proc. 
Phys. Society (London) V. 43. 

2. Solar radiation constant — S. 
(Derived from data in Tech. Paper No. 

328, Bur. of Stds.) at latitude of Washing- 
ton, D. C. on clear day at noon. 
S in midsummer = 0.612 watts/ in* 
S in midwinter = 0.383 watts/ in. 2 

3. Emissivities — e. 



Value of e Wien Malarial la 



Material 


i Highly 


Moderate 


Radly 




| Polished 


Oxidized 


Oxidized 


Copper 


! 0.04 


0 . 35 


0.75 


Aluminum 


: 0.04 


0 10 


0.20 


Zinc 


0.04 


0 23 


0.28 



N on-met; Jlic \ varies from 0 . 85 to 0 . 9 5 
ell kinds j ; use t - 0.90 



The above values were obtained from 
various sources, including: Kent's Mechan- 
ical Engineers' Handbook; McAdams, 
"Heat Transmission" (McGraw-Hill Book 
Co., 1942). 

4, Fractions of total radiation to earth, sky! 
etc., F. and F t . F. + F, = 1.00 
For a round wire in the open with no 

objects higher than the wire, F m = 0.50, 
/, = 0.50 

(Based on personal communication from 
Prof. W. J. WoMenberg.) 

If close objects such as buildings are 
higher than the wires the value of F 4 should 
be increased somewhat. 

5. Thermal resistivity of weatherproof 
covering, r. r = 500. (IPCEA value) 



Note that aK of the FJi \6ss is trauigrj^ 
ted through the covering. 

The current-carrying capacity table 
has been calculated by the use of the 
formulas given above. It is designed 
to cover normal operating conditions 
and not emergency overload condi- 
tions. No attempt has been made to 
set up ratings for emergency condi- 
tions because there is such a wide 
variety of loadings and durations that 
a single table would be extremely 
limited in its application. It would be 
better for the reader to calculate his 
own ratings for particular situations 
after deciding upon the limiting tem- 



peratures. This table has been b; tv 
upon ec^n temperatures of 4- de<r. i 
in the winter and 50^ deg. C, in \: 
summer. The wind velocity has }». 
assumed at 1 ft. per second n,,. 
wise of the wire. Conductor and 
temperatures are given in the tnj/ 
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Wartime Current Ratings of Bar© 
and Weatherproof Covered Cop- 
per Wires and Cables in Normal 
Operation. Current in Amperes 



Wire Size 
V. W. G. or 
Cir. Mil. 



Bare 



Weatherproof 



Solid 



Strande 1 



I 

0 
00 
000 
0000 
250.000 

:m.ooo 

350.000 
400.000 
500.000 



74 
99 
131 
176 
181 
215 
242 
282 



S immer Winter .Summer! Winter 



100 
135 
179 
242 
24fi 
297 
336 
391 



329 ! 457 

380 ; 528 

■'.23 , 591- 

i75 C'o 



572 
658 



803 
926 



84 
110 | 
146 j 
189 
199 j 
237 
267 j 
308 ■ 
359 
418 i 
468 
522 
582 
634 
734 



119 
160 
208 
269 
233 
338 
331 
439 
513 
596 
653 
747 
830 
907 
1050 



Table hased on air temperatures 60 deg. F. 
(16 deg. C.) in winter and 110 deg. F. (43 deg. C.) 
in summer. 

Maximum copper temperature 80 deg. C. and 
maximum temperature of braid surface 70 deg. G. 

Do not use winter values if there is any possi- 
bility of the air temperature being above 60 deg. F. 
at time of maximum load. 
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Synopsis: The paper presents a method of 
determining approximately the maximum 
continuous current-carrying capacity of con- 
ductors in overhead lines, as fixed by certain 
operating limits of temperature and time, 
beyond which it is expected that the physi- 
cal characteristics of copper conductors 
might be materially impaired. The paper 
deals illustratively with conditions in the 
Philadelphia area, but the method is equally 
adaptable to any situation. 

Thfc design limits of ampere ratings deter- 
mined herein, are from 10 to 35 per cent 
higher for bare conductors, and from 10 to 
20 per cent higher for covered conductors, 
than those previously used in the Phila- 
delphia area. Operation at load equal to 
the design limit will, during 99.93 per cent 
of the hours in the average year, maintain 
copper temperatures below 100 degrees 
centigrade in normal operations and below 
135 degrees centigrade in emergency opera- 
tions. 



|NDER ordinary conditions and par- 
ticularly in the design of new single- 
purpose lines, there is little doubt that 
some sort of cost balance akin to Kelvin's 
law favors conductor sizes sufficiently 
large to give operating- temperature limi- 
tations a place of rather remote interest. 
Considerations of voltage variation and 
the advance provision for expected load 
growth in general -purpose distribution 
lines also favor the initial installation of 
conductor sizes considerably larger than 
the minimum that could be used if neces- 
sary. 

The present emergency naturally com- 

Paper 43-22, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943. Manuscript 
submitted November 24, 1942; made available for 
printing December 11, 1942. 

A. H. Kidder is assistant engineer of system plan- 
ning, transmission and distribution, and C. B. 
Woodward is junior engineer, both with Phila- 
delphia Electric Company, Plate del phi a, Pa. 
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pels a reconsideration of the design limits 
of conductor size, but not without a pos- 
sibility of substantial future advantage 
to those central-station systems which 
will utilize the information thus gained 
to make the maximum use of an installed 
line-conductor size, rather than to aban- 
don it in favor of an avoidable cnange to 
a larger conductor size. In the authors' 
experience there has been no instance 
where the natural cost balance that nor- 
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Figure 1 . Principal effect of conductor diame- 
ter on ampere capacity of overhead lines 



mally favors oversize conductors in new 
lines has been sufficient to offset the 
large expense that must be accepted 
when an otherwise adequate line con- 
ductor size must be abandoned in order 
to provide a larger size. 

Li ne accessori es such as conductor 
clamps and disconnects can have limita- 
tions that will become critical. Likewise, 



2. Cablk Installation, underground systems 
committee report. National Electric Light As- 
sociation Proceedings, 1926, pa t es > * 18-20. 

3. Reduced Pulling-in Tensions on Cables, 
Carroll H. Shaw. Electrical World, volume 88, 
July 3, 1926, pages 17-18. 

Cable Installation, underground systems com- 
mittee report. National Electric Light Association 
Proceedings, 1927, page 1111. 

4. Cable Installation, underground systems 
committee report. National Electric Light As- 
sociation Proceedings, 1930, serial report publica- 



tion 02; Electrical West, volume 64, May 15, 
1930, page 469. 

5. National Electric Light Association Un- 
derground Systems Reference Book, 1931. 
Section III, Installation and Removal of Cable, 
pages 106-16. 

6. The Creep of Lead and Lead Alloys Used 
for Cable Sheathing, Herbert F. Moore, Iforille 
J. Allerman. Engineering Experiment Station, 
University of Illinois Bulletin 243. 

7. Commercially Pure Lead Sheath for Power 
Cables, Insulated Power Cable Engineen Associa- 
tion, technical report 2, September 1936, 



anccs will need V j*c reconsidered m k r" ; 
cai points, f-'long Hues which possihh 
might be squired to operate at aim.* 
mally high conductor temperatures. 
Such limitations may "be removed hv 
thoroughly normal procedure and, ustt 
ally, at much lower cost than, to increase 
the conductor size. The working limits 
of the conductor material in its cooling 
medium must be known, however, before 
the other factors can be considered ap- 
propriately. This paper, therefore, ecu 
ters its attention upon an approximate 
appraisal of present knowledge about the 
physical limitations of copper and a recon 
sideration of the natural heat-dissipating 
properties of conductors in overhead lines, 
as related to their effect upon the practi- 
cal design limits of ampere loading for 
overhead lines. 

Mechanical Limitations of Bare 
aud Covered Copper 

To the extent that copper may be said 
to have elasticity, then elasticity is the 
property of overhead line conductors 
which is most affected by temperature 
and time. Soft-drawn copper has very 
little and hard-drawn copper has the most 
but whatever elasticity is possessed by 
any conductor will be impaired to the 
extent that temperature and time may 
anneal the copper. The natural drawing 
effect which accompanies the mechanical 
stretching of copper imparts some meas- 
ure of elasticity to it which it did not pos- 
sess previously. Hence, mechanical tests 
of copper conductors, after partial anneal- 
ing without mechanical stress may not be 
directly comparable to similar tests of 
identical conductors similarly heated, 
while kept under normal stringing tension. 
All of these factors contribute to a natural 
uncertainty that makes the mechanical 
characteristics of copper at comparatively 
low temperatures appear to be almost 
akin to the mechanical characteristics of 
alloy steels at much higher temperatures. 

There appears to be considerable un- 
certainty, for instance, whether copper 
begins to anneal at 100 degrees centi- 
grade or at 130 degrees centigrade. The 
range of uncertainty suggests, however, a 
probability that operating temperatures 
may be permitted to exceed 100 degrees 
centigrade on occasion, without material 
effect upon the mechanical properties 
of overhead conductors, provided the 
temperature will seldom exceed, say, 130 
degrees centigrade. 

There are occasions, happily very in- 
frequent in well-managed distribution- 
system operations, however, when the 
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. ckjii.c^hc heavy ioaus with the 

fai.uie 0^ supply plant places the operator 
in a dilemma. His alternatives in such a 
circumstance are to mistreat c:*~tain sur- 
viving supply plants, to cut off certain 
Customers, or to delay restoration of in- 
terrupted service. His choice naturally 
favors the customer, up to the point 
where the imminence of surviving plant 
failure seriously threatens inconvenience 
to other customers as well. The customer 
is pretty reasonable about a service in- 
terruption, so long as he knows that the 
interruption was unavoidable. If he were 
a metallurgist, however, he probably 
would be reluctant to agree that literal 
observance of a 130 degree centigrade 
line-conductor temperature limit was 
sufficient reason for a service interruption. 
He might have some reason to suspect 
that temperatures as high as 175 degrees 
centigrade to 200 degrees centigrade 



in series and stressed to a constant tension 
of 1,000 pounds— the approximate string, 
ing tension. Thermocouples were placed 
on two sections of the conductors and in 
each of the line splices. A temperature 
of 200 degrees centigrade was maintained 
essentially constant at a control point on 
one section of theconductorfor about eight 
hours a day on six successive days for an 
aggregate of 44 hours. During the test, 
the other section of conductor maintained 
an essentially constant temperature of 
180 degrees centigrade. The line splices 
were about 20 degrees cooler than the 
conductors and gave no evidence of any 
change in their contact resistance. 

After the temperature tests were com- 
pleted, approximate (eight-inch exten- 
someter) stress-strain tests were made 
on each of the test samples and also on 
an unheatecl sample of the original con- 
ductor from which the test samples had 



rare occasic. , but that 200 uc h rzt^ 
tigrade may cause serious annealing of 
the -per. The region between 175 de- 
crees centigrade and 200 degrees centi- 
grade appears to be a very critical one. 
Therefore, 175 degrees centigrade was ac- 
cepted as the reasonable operating tem- 
perature ceiling for overhead copper con- 
ductors during the very rare emergencies 
in the life of a line when there might be a 
one- or two-hour coincidence of ph \?t 
failure, maximum load, high ambient 
temperature, and low wind velocity. 

The condition of the cover is a sub- 
ordinate consideration. Hence the tem- 
perature of the cover, if present, should 
be correlated with the copper-tempera- 
ture limits. Approximate calculations 
had indicated that 175 degrees centi- 
grade copper would make about a 130 de- 
grees centigrade maximum outside surface 
temperature for triple-braid weather- 
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might be accepted for an hour or two 
without material impairment to the line 
conductor, because that is the range in 
which the annealing time is known to be 
in the order of days rather than weeks or 
years. 

A test was made, wherefore, to deter- 
mine approximately Wi.it damage the 
conductor and its automatic line splices 
might sustain during operation for a few 
hours at 175 degrees centigrade to 200 de- 
grees centigrade. The test was made in 
a 12-foot frame, in which four short sec- 
tions of bare medium hard-drawn, number 
00 stranded copper conductors and three 
automatic line splices were connected 



Figure 2 (left). Ef- 
fect of air tempera- 
ture and wind veloc- 
ity upon atmospheric 
factor K 

100 degrees centi- 
grade s urf ace — ove r- 
head 

where 

f,— temperature of 
conductor surface— 
100 degrees centi- 
grade 
ambient temper- 
ature of air — de- 
grees centigrade 
v«wind velocity — 
feet per second 



Figure 3 (right). Ef- 
fect of air tempera- 
ture and wind veloc- 
ity upon atmospheric 
factor K 
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been cut. The unheated sample of num- 
ber 00 conductor broke at 5,500 pounds 
tensionafter about 0.9 per cent elongation. 
The 180 degrees centigrade sample broke 
at 4,600 pounds tension after 1.7 per cent 
elongation, whereas the 200 degrees cen- 
tigrade sample had 30 per cent elongation 
without breaking at 3,600 pounds ten- 
sion. In each test, the strength of the 
splices was superior, to tliat of the con- 
ductor. 

Thus, it was concluded that the physi- 
cal characteristics of the copper conduc- 
tor and its automatic line splices would 
not be altered appreciably by short-time 
operations up to 1 75 degrees centigrade on 



50 60 70 80 90 100 110 
AIR TEMPERATURE - F 

80 de grees cen tigrade surface — overhead 
where 

t s =* temperature of conductor surface — 80 de- 
grees centigrade 
A =ambient temperature of air — degrees centi- 
grade 

v-wind velocity — feet per second 

proof covering. This limit is severe but 
is still well below the 182 degrees centi- 
grade (360 degrees Fahrenheit) minimum 
impregnating temperature recommended 
in the Purdue University Engineering 
Bulletin 43, November 1932. A drip test 
made on six standard samples of number 
6 triple-braid weatherproof wire, oven- 
heated to 82 degrees centigrade for one 
hour, then to 130 degrees centigrade for 
two hours, developed bubbles on four 
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u-".c-r the first half-hour at 130 
degrees centigraae. Two samples showed 
no ill effects, and no compound drioped 
from an}' of the samples so tested. 
is a factor, hence the over-all efTeet of 
.emperature and time is expected to he 
flight during a few nonconsecutive hours 
in the life of the cover, when there might 
be a rare coincidence of eritieal atmo- 
spheric conditions and emergency load. 
With 100 degrees centigrade eopper, the 
outside-eover -surface temperature is esti- 
mated to be 80 degrees centigrade, or just 




20 40 60 60 

PER CENT OF OAYS 

Figure 4. Minimum value of K in any hour for 
Philadelphia by days in June, July, and 
August, 1936-39 

100 d esrees ce ntigrade surface 
where 

(, = temperature of conductor surface — 100 

desrees centigrade 
A=* ambient temperature of air — desrees 

centigrade 
V=wind velocity — feet per second 



below the 82 degrees centigrade standard 
acceptance specification for triple-braid 
weatherproof wire. With the design 
limits of conductor temperature thus ap- 
proximately determined, it beeomes ap- 
propriate to review the effects of ampere 
loading upon temperature. 



Conductor Heating 

The conductor heating effeets are three 
and need little elaboration. At a given 
ampere loading, the po\>c losses in- 
crease as the conductor resistance in- 
creases with temperature. Part of the 
power losses is dissipated by radiation 
recording to the Stefan and Boltzman 
*^w. The remainder of the losses in out- 
Mx>r conductors is dissipated by forced 
conveetion, for which an approximate 
formula has been developed by Schurig 
and Priek, 1 who have also shown that the 
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efTeet of sunshine becomes very small in 
heavily loaded conductors. The natural 
heat balance is quite simple. The com- 
plete algebraic expression for the relation 
between amperes load and temperature is 
somewhat unwieldy bceause of the dissimi- 
larity between the separate effeets that 
must be correlated. By the method de- 
tailed in the appendix, however, it will be 
seen that the principal effects of con- 
ductor diameter, conduetor-surface tem- 
perature rise above ambient, and wind 
velocity, may be faetored out so as to give 
the following convenient expression for 
ampere earrying capacity: 



I-CKd\/d+2s 

where d is the conductor diameter, s is the 



Table I 



Normal 
Rating 



Emergency 
Limit 



Bare-Stranded Conductor* 



Circular 
mils. . 



500.000 1,090. 

450,000 1,030. 

400,000 950. 

350,000 880. 

300,000 800. 

250,000 710. 



Number. . . , 



0000 
000 
00 - 
0 

1 

2 



640. 
550. 
470. 
410. 
360. 
300. 



.1,350 
.1,270 
.1,160 
.1,070 
. 970 
. 850 

. 760 

. 650 

. 560 

. 480 

. 410 

. 350 



u*re-:>ou<i conductor* 
0000 .. 



Number. 



000 

00 

0 

1 

2 



Covered Conductors 
f 0000 



Number. 



000 

00 

0 

1 

2 
4 

6 



600. 
520. 
450. 
390. 
330. 
290. 



5T0. 
500. 
440. 
380. 
330. 
280. 
220. 
160. 



720 
620 
530 
460 
390 
340 



710 
620 
530 
460 
400 
340 
250 
180 



eover thiekness, K is the atmospheric fae r 
tor, and C is a slow-moving residual co- 
efficient which is essentially a constant 
for any given set of design limitations. 

The principal effect of the conductor 
diameter and its cover, if present, may be 
seen in Figure 1, for the illustrative con- 
dition (CK= 1,500). The position of the 
curve for eovered wire above that for bare 
wire, is not particularly significant. In 
Philadelphia, for instance, the apparent 
advantage of covered wire in Figure 1, is 
offset by an 11 per cent lower design 
limit of CK. 

The atm ospheric factor {K— 
y/{t 9 — A)h}) may be evaluated directly 
from United States Weather Bureau data 
by the use of the chart in Figure 2 for bare 
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eonduetors, or mat of Figure 3 for covered 
oues, as th . case may be. The results of 
such a survey may then be summarized, as 
in Figures 4 and 5. Maximum ambient 
temperature is not coincident with mini- 
mum wind velocity in the Philadelphia 
area. The 13-year maximim. ambient 
of 40 degrees centigrade was accom- 
panied bv an 1 1-milcs-pcr-hour wind. 
Other maximum ambients ranged from 35 
degrees centigrade at five miles per hour 
to 39 degrees centigrade at 13 miles per- 
hour. The most eritieal eoincidenee, 23 




40 60 
PER CENT OF DAYS 



100 



Figure 5. Minimum value of K In any hour for 
Philadelphia by dayi in June, July, and 
Auqust. 1936-39 

80 de grees cent igrade surface 

K~y&-Ayv 

where 

t,«* temperature of conductor surface— -80 de- 
srees centigrade 

ambient temperature of air — degrees 
centigrade 
V»wind velocity— feet per second 

degrees centigrade at one mile per hour, 
made the lowest values of K shown in 
Figures 4 and 5. The condition did not 
persist for more than one clock hour in 
any day and occurred on less than six 
days in the average year. 

It was considered reasonable therefore 
to permit copper temperatures to reach 
values in the neighborhood of 130 degrees 
centigrade with normal load or 175 de- 
grees centigrade for any emergency load 
that might on a few rare occasions be co- 
incident with so critical an atmospheric 
condition. The design values of K that 
are indicated in Figures 4 and 5 were se- 
lected so as to observe 130 degrees cen- 
tigrade as the approximate ceiling for 
normal operations and 175 degrees centi- 
grade as the ceiling for emergency opera- 
tions. A summary of the resulting ap- 
proximate maximum hour conductor tem- 
peratures during the three hottest months 
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. . .a Figure 6, which was Conclusions 



dew.o^cu by using arbitrarily the value 
of C that would g>e the maximum esti- 
mate of copper temperature. 

As should be expected, the resiGuai 
factor C does not vary through nearly the 
range of values that is characteristic of K. 
For normal design-limiting conditions 
in ihe Philadelphia area, the value is 
within 4.5 per cent of C— 126 for bare- 
stranded, within three per cent of C~ 142 
for bare solid, and within 5 per cent of 
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Figure 6. Approximate maximum-hour con- 
ductor temperature at ampere toad limits in 
Philadelphia by days in June, July, and August 



C= 148 for covered conductors. For 
emergency operations in Philadelphia the 
most critical values occur in the smallest 
conductor size and are respectively: 
C=119 for bare-stranded, C=135 for 
bare- solid, and C= 144 for covered wire. 

Ampere Design Limits in 
Philadelphia 

Table I summarizes the ampere design 
limits for overhead copper lines in Phila- 
delphia, as developed by the method de- 
scribed in this i>aper. 

Winter load limits will be somewhat 
higher than given in the table. Tentative 
indications are that normal ratings may 
be increased ten per cent and emergency 
limits five per cent from November 
through March. The limiting atmos- 
pheric conditions are not much less se- 
vere than in the warmer mouths. How- 
ever, about one half of the winter hours 
with critical ambient- temperature- wind 
combinations are accompanied by rain. 



1. The paper deals with the carrying eapae- 
ity of conductor:; in overhead lines, as deter- 
mined by the effcet of temperature and time 
upon the physical characteristics of the eon- 
duetor. The paper does not deal with con- 
siderations of voltage variation, power loss, 
nor other faetors that may favor larger eon- 
duetors than are physically adequate for the 
immediate purpose. 

2. The eommon assumption that maximum 
ambient temperature and minimum wind 
velocity are coincident is not supported by a 
study of United States Weather Bureau 
records lor the past 15 years in Philadelphia. 

3. The ampere load limits for overhead 
conductors in any situation can be evaluated 
directly from local records of critical am- 
bient temperature and wind by the method 
given in this paper. The cooling effect of 
rain is not included, because it is absent 
during otherwise critieal hours in summer 
and during one half of such hours in winter. 

4. Coincidence of load-limit amperes with 
an hour of critical atmospheric conditions 
seems to be a contingency so remote that 
the resulting copper-temperature eeiling 
need be observed only as required in order 
to avoid weakening or oversagging the 
conductor. 

5. Conductor temperature ceilings of about 
130 degrees centigrade normal and 175 de- 
grees centigrade emergency maximum ap- 
pear permissible if of short duration and 
sufficiently infrequent. A 44-hour test has 
indicated that a few hours at 175 degrees 
centigrade should not change materially the 

»*f,,„.;*„1 ~t*„ * — ~r j: i J 

drawn copper wire or of automatic line 
splices, but that 200 degrees centigrade 
might cause serious annealing of the wire. 

6. To recognize for the present at least 
the need for caution in utilizing tempera- 
tures approaching a critical zone for copper 
wires, the ampere load limits for Philadel- 
phia are designed to keep copper tempera- 
tures regularly below 100 degrees eentigrade 
normal or 135 degrees centigrade emergency. 
During the past 15 years, however, there 
has been an average of six nonconsecutive 
hours per year when a coincidence of load- 
limit amperes with critical atmospherie 
condition might make the eopper tempera- 
ture in some part of the line approach a 
ceiling of about 130 degrees centigrade nor- 
mal or 175 degrees centigrade emergency 
maximum. 



Appendix. General Expression 
for Current Ratings of Overhead 
Conductors 



The eurreut-carrying capacity of medium- 
hard-drawn copper conductors in outdoor 
overhead service was calculated for steady- 
state conditions. In the steady-state con- 
dition, the heat dissipation is equal to the 
PR loss in the conductor, or 



PR=WS watts 



(1) 



where 5 is the surface area of the conductor; 
W is the sum of the watts radiated \V T and 



the watts disputed by convex uon 7v m , <o 
that 

\V= V r s t W e watts per square inch (2) 

In surroundings of- temperature T 0 de- 
grees Kelvin, the heat dissipation by radia- 
tion from long horizontal cylinders, with 
surface of E relative emissivity and surface 
temperature of T $ degrees Keivin, is 

36.8£ 

W T = -77^7; (T s 4 — T 0 A ) watts per square ineh 



10 12 



The approximate formula of Sehurig aii'J 
Friek 1 for heat dissipated at sea levei by 
forced eonveetion in air moving v feet p'^r 
second crosswise to horizontal cylinder with 
outside diameters (d-\-2s) ranging from 0.3 
to 5.0 inehes is 



0.0128 J v 



T a *^*\d+2s 



(T t -T 0 ) watts per 

square inch (4) 



where 



T a = (T, + T 0 )/2 
d = copper diameter in inches 
s = thickness of conductor cover in inches 

Substituting equations 3 and 4 in equa- 
tion 2 



10 » v 9 l9) ^T a '-»*\d+2s 

(T 9 -T 0 ) (5) 

T36.&E 

(r,+r p )(7y+7y)+ 

For convenience let 
36.8£ 

Cr= 7o^~ i r '+ T *H T *+W 



(6) 



and 



0.0128 
V o o.i« 



then 

watts per square inch (7) 

If it is assumed that about 75 per cent of 
the surface area of bare-stranded conductor 
is effective in heat dissipation, as is approxi- 
mately true for radiation, then the effective 
surface area S of stranded copper is equal to 
that of a smooth cylindrical envelope and 
the heat dissipated per foot of eonduetor is 



WS=12T(d+2s)(T 8 -T 0 )X 



watts (8) 



The approximate average resistance per 
foot of medium-hard-drawn (97.5 per cent 
conductivity) eopper of diameter d at T c 
degrees Kelvin is 

R = lO~ 9 T c /26.7(rd)*, or 13.97 ohms per 
circular-mil foot at 100 degrees 
centigrade (9) 
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where r equals l.CO for solid conductors, or 
approximately 0.87 for stranded conductor. 
Thus, from equations 1, 8. and 9 



WS S20x(id)'(<f+2j)X10* 
R~ T c 



(T S -T 0 )X 
(10) 



I=CKd\/d+2s amperes 
where 



V(T,-T 0 )*)v [d*Vd+2s] (12) 



(13) 



K = </(T,-T 0 )*v=</(t t -A)*v 



C=3i,G00r 



-3i^yij^??^(r f +r # )(r/+r a «) x 

0.0128 1 

A = ambient temperature in degrees centi- 
grade 

d = copper diameter in inches 
£ = relative emissivity of the surface 
r = 1.00 for solid, or 0.87 for stranded con- 
ductor 

s — cover thickness in inches 
= outside surface temperature in degrees 
centigrade 
A — wind velocity in feet per second 
T 0 =ambient temperature in degrees Kelvin 
T u = (T 0 +T a )/2 

T e » copper temperature in degrees Kelvin 
= outside surface temperature in degrees 
Kelvin 



Upon analyzing the factors in the expres- 
sion for curre.it, equation 13, it will be seen 
that: 

A' may be called an atmospheric factor 
and evaluated from Weather Bureau obser- 
vations for any given design temperature 
t s of conductor surface, as in Figure 2 for 
100 degrees centigrade, or Figure 3 for S( ► 
degrees centigrade. 

C is a coefficient which compensates also 
for the residuals left after accounting 
for the major effects of d and K. C is 
practically a constant for all the usual over- 
head conductor sizes and combinations of 
high ambient temperatures with critically 
low wind velocities. For instance, all values 
of C lie within five per cent of 142 with the 
numbers 2 to 0000 sizes of oxidized (relative 
emissivity of 0.6) bare-solid conductors at 
temperatures from 100 to 175 degrees centi- 
grade. 

Reference 

1. Heating and Carrying Capacity of Barb 
Conductors tor Outdoor Service, O. R. Schurig, 
C. W„ FricJf. General Electric Review, volume 33, 
1930, pages 141-57. 
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Ampere Load Limits for 
Copper in Overhead 
Lines 

Discussion and author's closure of paper 43-22 
by A. H. Kidder and C B. Woodward, pre- 
sented at the AIEE national technical meeting 
New York, N. Y.^ January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
March section, pagei 148-52. 



Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.) : There can be 
no question of the timeliness of this paper. 
With every electrical power utility and in- 
dustrial plant striving to carry greater and 
greater war loads with the minimum use of 
critical materials, there is great pressure 
upon them to utilize their present facilities 
to the maximum advantage. When this 
pressure is directed to overhead transmission 
lines, however, considerable caution must be 
observed lest the system be rendered unfit 
for continued use. Before ratings can be 
assigned safely to any line, at least eight 
factors must be considered carefully, 
namely: 

1. The ability of the conductor to withstand the 
increased rating without excessive loss of me- 
chanical strength by annealing. 

2. The ability of connectors and joints on the con- 
ductor to withstand the increased rating without 
oxidation of the contact surfaces and local heating 
in excess of the allowable conductor temperature. 

3. The adequacy of span clea.ances to permit the 
additional sag caused by the higher conductor 
temperature associated with the increased rating. 

4. The problem of providing short-circuit and 
overload protection to operate within the de- 
creased margin between the increased current rat- 
ing and destructive overloads. 

5. The adequacy of substation and terminal 
equipment to carry the increased currents for which 
the transmission conductors may be rated. 

6. Operating problems of the bulk power system 
with individual circuits rerated to such high values 
that reserve line capacity no longer is available to 



replace capacity lost when such a line goes out of 
service. 

7. The ability of voltage-regulating equipment to 
compensate for thj- greater vnltage variations which 
accompany heavily Inaded lines. 

8. The considerable increase in energy losses 
arising from the greater line currents. 

No engineer would contend that all eight 
arc of equal importance, but neither could 
he atford to ignore any one until he had 
satisfied himself that it docs not limit the 
particular line which he wishes to reratc. 

With these aspects in mind, let us turn 
now to Kidder and Woodward's paper. 
There is no doubt that the extreme lack of 
elasticity and low tensile strength of soft — 
or annealed — copper wire render it unsuit- 
able for transmission conductors. The 
cold-drawing process causes considerable 
increase in tensile strength und elasticity 
and permits design sags based upon storm- 
loading stresses up to 50 to 60 per cent of 
the ultimate tensile strength. Once de- 
signed for this cold-drawn tensile strength 
it is essential that the original tensile 
strength be preserved, as otherwise it be- 
comes impossible to maintain safe ground 
clearances. This phase of the problem re- 
solves itself into the seemingly simple solu- 
tion of keeping the conductor temperature 
below the annealing point. A common figure 
for the annealing point of copper is 200 de- 
grees centigrade, but further investigation 
of metallurgical literature discloses that 
considerable annealing of cold-drawn copper 
wire has been reported at temperatures 
as low as 80 degrees centigrade. Unfor- 
tunately, damage caused by a slightly ex- 
cessive temperature may not be detected 
until long after the overheating occurred. 

No extensive treatise upon the annealing 
of cold-drawn coooer wire seems to be avail- 
able, but metallurgists assure me that it 
should follow relationships similar to cold- 
rolled copper sheet which has considerably 
more literature. An extensive analysis of 
cold-rolled copper by N. B. Pilling and G. 
P. Halliwell 1 indicates the following: 

1. For any given degree of cold-rolling, a curve 
showing the time for complete annealing at tem- 
perature? Trom 2o0 degrees centigrade down to as 
low as 100 degrees centigrade shows a logarithmic 
relationship, with the time at 100 degrees centi- 
grade a matter of years. 

2. The tensile strength has a definite relatinnship 
with the amount of cold working. 

3. The greater the cold working (and tensile 
strength) the faster the rate of annealing. 

4. While annealing time is expressed with com- 
plete annealing from hard-drawn to soft copper as 
100 per cent, the first twn per cent of that time re- 
moved nearly 50 per cent nf the strength imparted 
by cold working. Thus, while the annealing time at 
200 degrees centigrade may be "known to be in the 
order of days." considerable damage occurs at 200 
degrees centigrade in a few hours. 

From such tests as these, covering at 
most only a few months, we are forced to 
extrapolate to cover the 10, 20, or 50 
years during which it is desired to use the 
conductors. 

Assuming that these data apply exactly 
to cold-drawn copper wire, it would seem 
that the maximum temperatures of 130 
degrees centigrade and 175 degrees centi- 
grade used by Kidder and Woodward are 
definitely at the upper limit of what might 
be considered feasible. Certainly low r er tem- 
peratures are indicated for the hard-drawn 
bare copper commonly used for trans- 
mission conductors. 



With ccr.ouctors loaded to xr,- .. 
where luVh currents are to be expected, it 
bccoirvs vitally important that the lir.es 
be in absolutely perfect condition from ter- 
minal to terminal-: Every joint and 
clamped connection must be perfect to 
avoid hot spots, and the common flashovcr 
burn where two or three strands may be 
parted would be almost ccriain to develop 
into a conductor failure during a subse- 
quent sleet and wind storm. Since any 
line is likely to have some such defects 
after a few years of service, it would s< .. :n 
advisable to establish the current rating iow 
enough to allow some margin to avoid s\->,- 
sequent failures caused by local hot spots. 

Several types of connectors used in the 
original construction of li^es 15 or 20 years 
ago have been found by inspection and labo- 
ratory test to be inadequate. In general 
the trouble was found to be warping of the 
contact surfaces and insufficient mechanical 
strength in the bolts, both of which seem to 
have been corrected in many of the con- 
nectors now on the market. Before con- 
ductor ratings can be increased, however, 
: t is vitally necessary that all unsatisfactory 
joints and connectors be replaced. Even 
then there remains the probability that 
operation of the joints and connectors at 
temperatures in excess of 70 degrees centi- 
grade will cause oxidation of the contact 
surface with subsequent excessive heating 
and damage to both conductors and con- 
nectors. While the mass and greater dis- 
sipating surface of the connector tend to 
hold the temperature somewhat below that 
of the conductor alone, it would seem to be 
good judgement to hold conductor tem- 
peratures below 100 degrees centigrade even 
for emergency loading. 

Many transmission lines are designed for ' 
sate clearances at conauctor temperaiuio 
on the order of 50 degrees centigrade. 
Raising the operating temperature to 100 
degrees centigrade or more causes a con- 
siderable increase in length by expansion 
of the conductor and reduces clearances to 
ground by nearly four feet in a. 1,000-foot 
span. Obviously, then, it is important to 
ascertain that the line has adequate clear- 
ances before the operating ratings are in- 
creased, and some lines may be limited by 
inadequate clearance. 

Short-circuit and overload protection 
must be provided to function at current 
values above the rating and still below the 
level at which the conductors will be dam- 
aged. As the conductor operating ratings 
are pushed up, the margin remaining below 
the relay limit is correspondingly reduced, 
and adequate protection becomes a more 
difficult problem. 

Terminal equipment in substations often 
is designed for a comparatively low current 
rating. While some equipment may be 
modified for increased ratings and other 
equipment replaced, it still is a vital part 
of any rerating program to ascertain that 
the terminal equipment involved is ade- 
quate to handle the increased rating which 
is proposed for the conductors. 

One of the most difficult problems arising 
from high line ratings is that faced by the 
system operators who must endeavor to 
find ways to maintain uninterrupted service 
with the facilities remaining after one of 
the rerated circuits goes out of service. 
Not infrequently they will have to choose 
between overloading the remaining facilities 
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b . yocit. . ... emergency ratings or dropping 
load, n ..he* or which can be considered 
desirable. 

For metropolitan areas such as Phila- 
delphia, it is probable that transtnissl^ .:. 
distances are short enough to eliminate volt- 
&z regulation and losses as limitations to 
■ansmiss'ion ratings. Most other utilities 
«.-e not so fortunate, however, and may 
have lines limited by voltage drop and 
transient and static stability to ratings 
even below commonly accepted conductor 
ratings. 

Undoubtedly Kidder and Woodward have 
considered all of the preceding problems in 
the analyses from which their paper was 
prepared. Undoubtedly also they intend 
their published ratings as absolute maximum 
values to be approached in practice but 
never exceeded. They have not taken full 
advantage of the probabilities found in the 
load characteristics, atmospheric tempera- 
tures, and wind velocities of the Phila- 
delphia area. Even so, it would seem to be 
better judgement to set the ratings some- 
what lower, at values where there is no 
danger of damaging the conductors. Other 
utilities would do well to eonduct their own 
analyses of allowable conductor currents, 
incorporating the local atmospheric tem- 
peratures, wind velocities, and the load 
characteristics of the particular circuit in 
question. These analyses should allow for 
their own terminal-equipment limitations, 
types, and conditions of conductors, and 
operating problems, and probably will 
yield ratings materially lower thau those 
published by Kidder and Woodward, 

Reference 

1. Softening of Hard-Rolled Electrolytic 
Copper, N. B. Pilling, G. P. HtUiwell. Proceedings, 
American Society for Testing Materials, 1923, part 

2, pages 97-119. 

John G. Holm (Stone and Webster Engi- 
neering Corporation, Boston, Mass.) : The 
authors' very interesting paper and its 
conclusions are of particular importance in 
connection with loading of overhead con- 
ductors in times of war emergency when 
power requirements are high and the lack of 
strategic materials acute. 

One may not agree with the advisability 
of attaining what appears to be somewhat 
high copper temperature limits advocated, 
by the authors; the fact remains, however, 
that conductors are being operated on the 
system of the Philadelphia Electric Com- 
pany at the high temperatures indicated by 
the authors. If then a 500,000-circular-mil 
bare eoncentric stranded copper conductor 
may be operated normally at a current- 
carrying capacity of 1,090 amperes, the 
question suggests itself of what could be 
attained with hollow copper conductors 
under similar operating conditions. 

For comparison an HH-t/ve hollow con- 
ductor of the General O/oie Corporation 
was selected. The current-carrying capac- 
ity of this conductor exceeds that of any 
other type of hollow conductors of the same 
copper cross section. Approximate, but 
.airly accurate calculations show that a 
<500,000-circular-mil ////-type conductor of 
the "normal minimum" design has a 
current-carrying capacity of 1,270 amperes 
under the same normal temperature condi- 
tions at which the concentric stranded con- 



ductor carries 1,090 amperes. At larger 
cross sections the difference in the current- 
carrying eapacity of the two conductors 
increases, and at i, 000,000 circular mils 
it is about 22 per eent in favor of the Hff- 
type conductor. This ////-type conductor, 
when operated at the normal temperatures 
given by the authors, has a current-carrying 
eapacity more than 55 per cent larger than 
the 1 ,000,000-cireular-mil stranded con- 
ductor designed to operate at standard con- 
ditions (50 degrees centigrade rise, 25 de- 
grees centigrade ambient and wind veloc- 
ity of two feet per second). If an ////-type 
conductor of the "undercut minimum" de- 
sign had been selected for comparison, the 
percentage figures would be still higher. 

If the temperatures suggested by the 
authors are safe, as indicated Dy their ac- 
ceptance by the Philadelphia Company, 
then the great advantage of the ////-type 
conductor over the concentric stranded 
conductor would become immediately ap- 
parent, especially during the emergency 
operation. At the higher operating volt- 
ages, for which for obvious reasons the 
hollow conductor is especially suitable, the 
mechanical strength of the conductor re- 
quires a certain minimum copper cross 
section. If then, such a conductor is per- 
mitted to operate at temperatures advo- 
cated by the authors and is installed on a 
two-circuit line requiring the hollow con- 
ductor to carry the entire system load with 
a loss of one circuit or a section of it, its 
cross section must be increased toward the 
center, but comparatively little more than 
in the case where no such requirement is 
imposed on the conductor. When the line 
has three circuits, and the loss of one would 
m?an an mere?.?** ^ .^n nor rent for the 
normal load of the conductors, no increase 
in the normal cross-section design of the 
////-type -conductor would be required if 
temperatures given by the authors are 
allowed. This could never be attained with 
concentric stranded conductors. 

Therefore, since during the present emer- 
gency it is important to have the copper 
carry all the current it safely dan, it should 
be pointed out that copper may be made to 
go much farther as an overhead conductor 
when it is drawn in tubular form than when 
it is used in form of solid wires concentri- 
cally stranded. 

Herman Halperin (Commonwealth Edison 
Company, Chicago, III.) : As might be ex- 
pected from my publications on under- 
ground cable, I have been in favor of the 
principle of increased temperatures and 
ratings for overhead lines for some years. 
During the past several years new and higher 
ratings were established at various times for 
the system of the Commonwealth Edison 
Company. 

The compounds in old-style coverings of 
weatherproof wire generally have softening 
points of 55 to 65 degrees eentigrade, ac- 
cording to tests made at Purdue University 
about 1930 and tests made in Chicago sub- 
sequently. Accordingly, the temperature 
limits used in the special calculations for 
load ratings for such wire were 66 degrees 
centigrade for normal operation and 72 
degrees centigrade for emergency operation. 
The corresponding limits for the URC type 
of covering were 77 and 88 degrees centi- 
grade, respectively. Almost three fourths 



of our wire, ho^.^ '2: f had the g*u-~t 
coverings and a most cases it was im- 
practicable >j determine which covering 
existed . ; a given circuit. That meant that 
in almost all cases the ratings used for the 
weatherproof wires were based on the 
temperatures of 66 and 72 degrees centi- 
grade. With the advent of the war it was 
decided to allow rapid deterioration of the 
covering of the old-style weatherproof wires 
by using the same load ratings for them as 
for the URC type. 

For our system the incentive to establish 
further increases in ratings is small because 
increased ratings would result in using 
smaller copper conductors in only five or 
ten per cent of the cases. In other words, 
regulation is more of a determining factor. 

In 1936 we made some tests on URC- 
type wires with current applied continu- 
ously for six or for seven hours. The sizes 
were numbers 6, 0, and 4/0 and two or 
three tests were made on different samples 
of each size. The final copper temperatures 
were 85 to 157 degrees centigrade, and the 
conductors were practically at these tem- 
peratures for four or five hours. 

Cc.jper temperatures of 111 and 113 de- 
grees eentigrade on two different samples 
produced numerous pustules and some 
blisters in the coverings. In view of .these 
facts for only one day's operation, and con- 
sidering the data presented by the authors, 
it is not clear how the authors arrive at 
temperatures of 100 and 130 degrees centi- 
grade for normal operation. 

The Chicago tests with copper tempera- 
tures of 129 to 157 degrees centigrade for 
four or five hours on URC- type wire pro- 
duced many blisters, the phenomenon 
being extreme o"H arrnmnaniod bv practical 
destruction of the covering at 157 degrees 
centigrade. These data do not seem to 
justify emergency temperatures of 135 le 
175 degrees centigrade, which are advocated 
by the authors. In general, the effects of 
the high temperatures obviously would be 
very much more severe on the weatherproof 
wires having the old-style coverings. 

In setting up our ratings, one set was 
issued based on a summer ambient of 32 
degrees centigrade and another set for mid- 
winter based on an ambient of ten degrees 
centigrade. The former temperature 
merely takes into account the higher sum- 
mer temperatures, while the use of the lower 
ambient in winter permits higher ratings in 
winter, which is of value in many installa- 
tions. It is not clear from the article what 
the authors recommend on differentiating 
between summer and winter conditions. 

The authors state that the effect of solar 
radiation is neglected. Using data of the 
United States Weather Bureau in Chicago, 
we find decreases of 5 to 15 per cent in 
ratings for summer conditions because of 
solar radiation and believe this factor 
should be taken into account. 

Incidentally, the wind velocity assume! 
in our calculations is two feet per second, 
which is supposed to take into account the 
effect of the convection set up by the condi- 
tion of having the weatherproof wire at a 
temperature considerably above the am- 
bient. Also, it may be noted that the 
aetual maximum temperatures in Chicago 
in summer and winter may be five or eight 
degrees centigrade above the values as- 
sumed, for the calculations. 
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r\. '.:^ r ^ wires, d«ua ^iveu oy H. P. 
Sec:ye and L. F Kiekcrncll at the meeting 
ol the transmission and distribution com- 
mittee of the Edison Electric Institute at 
Cincinnati last October indicate annealing 
of eoppe: starting at 10o degrees centigrade. 
The amount <if annealing incnasis rapidly 
vrith higher temperatures. One of these 
references shows about '10 percent reduction 
in tensile .tienglh of hard -drawn wire with 
just a few hours' operation at 175 degrees 
centigrade and correspondingly large in- 
creases in elongation. With the spacing of 
14 or 18 inches between our wires, material 
increases in sag would result in short circuits 
between wires. From a private source we 
learn that annealing has been found in some 
cases starting at 85 degrees centigrade. 

Another important point in connection 
with the use of higher tempera .urcs is that 
the resistance losses are substantially in- 
creased all the way from the customer back 
through the entire system to the generating 
station. These increased losses in them- 
selves may prove to be more of a disadvan- 
tage in regard to available reserve generating 
capacity than the gain in saving copper 
on new installations by using the extra- 
high copper temperatures on the wires. 

It should be noted that an article like the 
authors' is unusual in challenging the think- 
ing of engineers and thereby, in some 
cases, causing large benefits. 



Earl H, Kendall (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The authors are to be complimented on a 
very complete paper on a very timely sub- 
ject. The following comments refer largely 
to the section entitled "Mechanical Limita- 
tions ot bare and Covered Copper. 

The second paragraph of this section 
states that there is considerable uncer- 
tainty whether copper begins to anneal at 
100 degrees centigrade or 130 degrees 
centigrade and that 100 degrees centigrade 
may be exceeded on occasion without effect 
on the mechanical properties of conductors. 
Considerable research has been conducted 
on the annealing of copper, and some of 
the data are presented in the American 
Society for Testing Materials symposium 
on the "Effect of Temperature on the 
Properties of Metals," June 1931. The 
data in the report indicate that the de- 
crease in tensile strength is more rapid 
above 150 degrees centigrade, and from 
room temperature to 150 degrees centigrade 
the tensile strength decreases about ten per 
cent. 

In the discussion of this report it is 
brought out that copper begins to anneal 
at 150 degrees ceiuigrade and is completely 
annealed in about 96 hours. Also, it makes 
no difference whether the hearing is con- 
tinuous or intermittent so long as the toial 
time elapsed at the le..:o<jrature is the same. 
From this, :'t appears .hat u : practical 
purposes, the very amit for v inductors 
shoula c . somewhat less than 150 dvgreta 
centigr t i .ne. 

The authors of this paper also say that 
150 degrees centigrade to 200 degrees 
centigrade might be accepted for an hour 
or so without material impairment to the 
conductors. As 200 degrees centigrade is the 
recrys tall izat ion temperature for copper, and 
above this temperature eopper deforms 
plastically under lew stress, 200 degrees 



centigrade even for very short periods for 
wires in tension is very dangerous. In 
regard to the temperature tests on the 
sample conductors tested under tension, it 
is assumed that the tensile and the elonga- 
tion tests were made on the complete con- 
ductor and not on the individual wires. 
Such tests are not conclusive because of 
errors introduced by such things as slippage, 
uneven elongation of the wires, stranding, 
and other such items. It would also seem 
that the sample tested at 200 degrees centi- 
grade, which is the recrystallization tem- 
perature, was operated at too high a tem- 
perature to be of value. It would be of 
considerable interest to know how many 
tests were made and to know the length 
of the test samples as elongation and tensile 
strengths vary considerably even for new 
wire because of mechanical damage in 
handling, and so forth. 

The paper accepts 175 degrees centigrade 
as a reasonable operating temperature ceiling 
for overhead conductors during the very 
rare emergencies when tncre might be one 
or two hours coincident of plant failure, 
maximum load, high ambient temperature, 
and low wind velocity. Such high tempera- 
ture even for these rare cases will be very 
dangerous because this maximum tempera- 
ture is based on conductors in good condi- 
tion, which will not be the case of the ordi- 
nary overhead line over its entire length 
as there are always spots which have been 
damaged either mechanically or through 
electrical burns. Such spots when the 
conductors are operated at 175 degrees 
centigrade are, no doubt, above 200 degrees 
centigrade, which is the recrystallizatiou 
temperature. It is indicated from other 
tests that much safer temperatures even 
for emergency use wouid be somewhere 
between 100 degrees centigrade and 125 
degrees centigrade and certainly not greater 
than 150 degrees centigrade even for rare 
emergencies. 



H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The authors of this paper have used the 
formulas presented by O. R. Schurig and 
C. W. Frick 1 in an article in the General 
Electric Review of March 1930, but state 
that they have rearranged these formulas 
to facilitate calculation. This has been done 
by regrouping the factors involved in the 
formulas so that one group can be set up as 
a constant called the atmospheric factor K 
and others grouped to provide another con- 
stant called the residual factor C. The 
authors have then evaluated these constants 
in terms of the climatic values derived from 
a study of weather bureau records in the 
Philadelphia area. A thorough examination 
of this method fails to disclose any consider- 
able advantage to this method from the 
standpoint of calculation. On the contrary, 
it seems to introduce additional and quite 
unnecessary complication. 

It is generally agreed that for the equi- 
librium condition the sum of the watts eon- 
vected and the watts radiated minus the 
watts absorbed from radiation from the sun 
and adjacent o! ;ects is equal to the /* R 
watts. For any *iven set of temperature 
and air- velocity conditions the watts dis- 
sipated by convection is equal to the ratio 
of the superficial an a of the wire to the 
square root of its diameter, multiplied by 



an easily uvtermiiu-d constant. /Uso, ine 
net \va*'. dissipated by radiation is given by 
an ...sily calculated constant multiplied 
by the superficial area of the wire. Fur- 
thennorc, the wat ts r absorbed in the form 
of solar radiation is equal to a simple con- 
stant multiplied by the diameter of the 
wiie. Upon obtaining the value of the 
total lift watts dissipated it is quite simpk: 
to determine the current which will piovidu 
those watts. 

Hecause of the method the authors have 
used in presenting their data it is somcv> 
difficult to determine the actual valuer rt 
some of the factors on which they hav^ 
based their illustrative calculations. As 
near as can be determined in the case of 
covered conductors they have used a sur- 
face temperature of 80 degrees centigrade 
for normal operating conditions and a com- 
bination of wind velocity and ambient 
temperature which is quite indefinite as to 
the actual air-teinperature values used. If, 
however, an air temperature of 40 degrees 
centigrade is assumed, the corresponding 
wind velocity indicated by their curves 
would be 3.5 miles per hour. In the ease 
of bare conductors the surface temperature 
has apparently been assumed at 100 degrees 
centigrade for normal operation, and for 
40 degrees centigrade ambient the corre- 
sponding wind velocity would be three miles 
per hour. It is difficult to understand the 
discrepancy between the wind-velocity 
values for bare and weatherproof con- 
ductors. I find nothing in the paper to 
indicate what conductor surface tempera- 
tures were actually used in calculating 
carrying capacities for emergency opera- 
tion. The paper hints that these tempera- 
tures are about 130 degrees centigrade. 

Tlw authors Justify thctr use of r'.'??.*ively 
high wind velocities because the weather 
bureau records for several years in the 
Philadelphia area indicate that in less than 
three per cent of the days during June, 
July, and August, would there be tempera- 
ture and wind- velocity values more un- 
favorable than the ones selected. This 
conclusion may have serious results if it is 
relied upon either by the authors or others, 
because weather statistics covering only a 
few years are no guarantee that a worse 
combination of temperature and wind vc'oc- 
ity might not appear at any time and last 
for a sufficiently long period to endanger 
the conductors and to reduce seriously 
clearances. This is all the more dangerous 
because the authors have assumed that the 
direction of wind movement is always at 
right angles (o the conductors. As a matter 
of fact, there is no reason why ii could not 
be parallel to the conductors, in which 
case the dissipation because of convection 
would be reduced enormously. The fact 
that a worse combination of air movement 
and temperature is possible is shown by 
the tests made by Schurig and Friek in 
which low wind velocities combined with 
high temperatures existed several times for 
several hours at a time. 

The authors have accepted the erroneous 
conclusion arrived at by Schurig and Frick 
that the effect of solar radiation is negligible. 
It is true that it is relatively small in the 
case of bare conductors, but it is quite 
large in the case of covered conductors. 
Furthermore, it is so easily calculated that 
there seems to be no good reason for ig- 
noring it. 
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■jrir and J "rick picsi .ted a formula 
for t»u • acuiation of the heat dissipation 
by radiation. This lur.nula which is quite 
accurate lot inside conductors where the 
temperature of the walls of the actosnrc - 
the iuii i.e as the temperature of the air, but 
i is not, as Scliurig and Frick assumed, 
">rrect for overhead eonductois outdoors. 
Unfortunately, the authors of this paper 
have fallen into the same error as did 
Schurig and Frick. The eorreet formula 
for outdoor conductors suspended in the 
open above the earth contains as an effec- 
tive eniissivity factor a factor equal to the 
product of the respective emissivities of 
the wire and the surroundings. Schurig and 
Friek's formula contains a similar factor 
equal to the cmissivity of the wire only. 
The correct formula also contains an ad- 
ditional factor known as the angle factor 
which is a function of the solid angle through 
which both the wire and the surroundings 
"see" each other. One component of the 
radiation formula involves only the net in- 
terchange of heat between the earth and the 
wire. Other factors must be introduced 
which evaluate the radiation from the wire 
to the open sky. Under certain conditions 
the radiation to other surrounding objects 
should also be included. The effect of using 
the incorrect formula for radiation results in 
a reduction of about 50 per cent in the actual 
amount of heat dissipated by radiation. 

Schurig and Frick based their conclusion 
that the effect of solar radiation was negli- 
gible on the results obtained from tests 
eondueted on bare conductors. However, 
a elose examination of their test data will 
bring out the faet that the tests they used 
to make sueh a comparison were made at 
different time 3 and under diffcT* ccc'i 
tions and, therefore, have only partial 
validity. Since no tests were made on 
weatherproof wires, a conclusion that solar 
radiaLion has negligible effeet upon the 
temperature rise or the eurrcut -carrying 
eapaeity of weatherproof wires is far from 
justified. The eontrary is confirmed by the 
results of calculations which show that in 
the case of number 4/0 weatherproof wire 
the solar radiation reduces the current- 
earrying capacity about 55 amperes, or over 
ten per eent on a elear summer day. In the 
ease of number 6 wire it reduees the earrying 
capacity about 11 amperes, or about eight 
per cent. 

Calculation of current -carrying capacities 
of weatherproof wires by the correct formulas 
indicates that adequate current-carrying 
capacities are possible to meet any reason- 
able needs for additional current-carrying 
capacity under wartime conditions, over 
and above what has been considered good 
practice in the past, without increasing 
temperature limits to values which are on 
the verge of endangering the strength of 
conductors. Adequate current-carrying 
capacities are also possible without the 
necessity of assuming wine* velocities which 
are greatly in excess of those which can be 
reasonably expected to occur sometime 
combined with high ambient temperatures 
and which can last for a sufficient length of 
time to cause unexpected excessive tempera- 
ture rises. On distribution systems even 
the range of voltage variation which is 
considered satisfactory under wartime con- 
ditions, and which is more than double the 
usual range, will be reached and passed long 
before the current-carrying eapaeity values 



determined on the oasis of the authors' 
methods will have 1) en reached. There- 
fore, there seems to be little excuse for 
stretching current-carrying capacities until 
they closely approaeh the ultimate limit. 
Furthermore, it should be remembered that 
the result tug excessive wire temperatures 
will eause such excessive sags that there wdl 
be presented an almost insurmountable 
problem in constructing and maintaining 
overhead circuits. This whole problem of 
current -carrying capacities needs to be 
studied with a proper and rational con- 
sideration of all the factors involved. Ade- 
quate tests should be made also to cheek the 
aeeuraey of the methods of calculation 
adapted. 
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A. H. Kidder: The authors are indebted 
to the discussers of their paper for their 
emphasis of points that may need some clari- 
fication. The need for eautiou in utilizing 
temperatures approaching a eritical zone 
for copper is one of which the authors were 
very conscious in the development of ampere 
load limits for their situation. Differences 
of opinion are to be expected and have to be 
reconciled in each particular situation. The 
opinions given by the discussers are very 
similar to many that were weighed in de- 
veloping ampere load limits for Philadelphia. 

The authors have undertaken only to 
present a method by v.'hich the pr°b2^1 / * 
effects of ambient temperature and wind 
velocity upon ampere load limits for over- 
head eonduetors may be accounted for con- 
fidently by straightforward recognition of 
coincident wind and ambient temperature 
observations. In the situation which the 
authors have used to illustrate their method 
the mean ambient temperature was 24 de- 
grees centigrade and the mean wind velocity 
was 11 miles per hour during the three 
hottest months of the year. The authors' 
analysis of the coincidences, summarized in 
their evaluation of the atmospheric factor 
K, has developed that the average mini- 
mum hour value of K occurs at 31 degrees 
centigrade and seven miles per hour; the 
design value for emergency operations 
occurs at 33 degrees eentigradc and five 
miles per hour; the design value for normal 
operations occurs at 27 degrees centigrade 
and two miles per hour; while the absolute 
minimum values of K occurred only at 23 
degrees centigrade and one mile per hour. 
Under average atmospheric conditions dur- 
ing the three hot test mon ths, therefore, 
there will be over five times the wind veloc- 
ity needed to keep the conductor tempera- 
ture below 100 degrees centigrade at normal 
load rating or below 135 degrees centigrade 
at the emerge ney load limits in Philadelphia. 
Extension of their survey to include the past 
15 years of weather observations has not 
disclosed any coincidence more severe than 
23 degrees centigrade at one mile per hour. 

The authors have recognized frankly 
that temperature ceilings might be reached 
under certain very improbable coincidences 
of load and limiting atmospheric conditions. 
The temperature ecilings could not be 



Dona fide Hunts :f mey wcic ikk ,-v.vi 
The authors rn -e emphasized the need u> 
provide ade . *ute clearance wherever there 
is o po.s.i..uty that such ceiling tempera- 
tures might be reached. Thv integrity of a 
paper on ampere load 'limits would be 
questionable, if operations under the 
severest possible rondiiions conld affect 
neither the cover of the wire nor the crystal 
structure of the copper. The product of 
the probability of load equal to the load 
limit of the conductor 1 by the probability 
that the most eritical atmospherie condi- 
tions will obtain in those hours of load- 
limit loading indicates a contingency so 
remote in normal distribution operations 
and so very, very remote in emergency dis- 
tribution operations that it will be a very 
rare oecasion indeed when eopper tempera- 
tures above 100 degrees centigrade are to 
be expected in the conductors of a circuit 
designed to observe the load limits in Phila- 
delphia. In fact, the average maximum 
hour eopper temperature to be expected 
during the three hottest months in Phila- 
delphia is 85 degrees eentigrade if operating 
at the emergency load limits, or 70 degrees 
eentigradc if operating at the normal 
design limits, but only 39 degrees eentigrade 
for the average circuit in which there is better 
than a four to one chance that the load will 
be below GO per cent of the normal design 
limit. The authors, therefore, do not con- 
sider themselves to be advoeatcs of high 
temperature operations. 

Most readers of the paper will observe 
that it deals exclusively with the physieal 
characteristics of the conductor as dis- 
tinguished from other limitations wbieh can 
become eritical in certain eases before the 
omnr»rp Inn d limits of the conductor ari 
reached. Points not already eovered in this 
more general discussion will be reviewed 
now in the order in which they were raised 
by the discussers. 

Mr. Halperin's evident concern about the 
cover of the wire is definitely a secondary 
consideration. Taking reasonable pre- 
caution against premature inadequacy of 
conductor sizes used for new installations 
will in all ordinary circumstances provide 
sizes which will operate for years well 
within Mr. Halperin's temperature limits. 
The value of load limit operations will be 
determined by the extent to which they will 
postpone retirements of eonduetors whose 
true adequacy is considerably greater than 
would be indicated by calculations based 
upon hitherto conventional assumptions. 
The authors consider the probability of 
somewhat accelerating deterioration in the 
cover on such occasions, to be definitely 
secondary to the alternative of preserving 
the cover by retiring the installation. 

Review of solar radiation shows it to be 
much less of a factor than Halperin and 
Enos expect. "A Summary of Total Solar 
and Sky Radiation Measurements in the 
United States," by I. F. Hand 2 gives the 
maximum mean hourly total of radiation 
on a horizontal surface to be 65.6 gram- 
ealories per square centimeter in Washing- 
ton, D. C, 64.0 in New York City, and 
57.7 in Chicago. The higher figure cor- 
responds to 0.49 watt per square inch re- 
ceived on the {DL) square inches horizontal 
projected surface of the conductor and dis- 
sipated from the (* DL) square inches of 
conductor surface. This would make from 
1.8 per cctit to 2.2 per cent reduction in the 
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.oaa llitiits calculated for bare wire by the 
author's mt.h.d, or 2.3 to 2.9 per cent for 
eovered wire. The ioad limits quoted in the 
paper, however, were so coaser~- lively cal- 
culated that they are understated by a 
margin sufficient to absorb solar radiation 
without reaching the stated temperature 
eeilings. 

Mr. Tlaipcrin quotes some opinions about 
annealing of copper wire. Conilieting hy- 
potheses and opinions will sr.rifce some con- 
troversy until more direct evidence has been 
accumulated. In the meantime, however, 
the authors have the assurance of knowing 
that the medium hard wire they tested lost 
16.5 per cent of its initial strength in 44 
hours at 180 degrees centigrade, an average 
loss of four-tenths per cent per hour. As 
in the case of the cover, the eventual cost of 
accelerating somewhat the present rate of 
deterioration in the strength of a conductor 
is preferred to the heavy expense of an im- 
mediate replacement. When one considers 
the improbability of temperatures approach- 
ing 100 degrees centigrade, it seems almost 
ecrtain that the wire will have been retired 
for some other cause long before its st 'ength 
shall have deteriorated by as much as 15 
per cent. Some allowance for decreasing 
tensile strength may be made quue simply 
if and when desired, by some reduction in 
stringing tensions. 

Mr. Enos' observation that the authors' 
method introduces some extra work in the 
calculations of wire rating is pertinent. 
The authors were willing to do the extra 
work in order to make their calculations 
recognize the probable coincidences of wind 
and ambient temperatures in which the 
conductors will operate. Their calculations 
include a lo-year survey of Hnniing atmos- 
pheric conditions. The authors discarded 
consideration of parallel versus crosswise 
wind, as soon as they realized that con- 
ductor sag and the natural turbulence of 
the wind would make the cooling effect 
much more nearly independent of apparent 
wind direction than would be developed 
from calculations based upon the arbitrary 
assumption of laminar air flow in the plane 
of an absolutely horizontal conductor. 
The vertical components of the natural air 
motion outdoors will be "crosswise" at all 
times. 

Mr. Enos should have had no trouble 
recognizing the surface temperatures, be- 
cause they are given in the titles of the 
Figures 2, 3, 4, and 5 to which he refers in 
the paper. Figures 4 and 5 summarize 
aetual coincidences of ambient and wind 
with two different surface temperatures. 
Hence, the design value developed by the 
survey of Figure 4, for a 100 degree centi- 
grade surface, should not be expected to 
occur at the same wind velocity as that 
developed from the survey of Figure 5, for 
an SO degree cer.tigrade surface. The au- 
thors would not ii:ve expected a better 
correlation than Mr. Enos found in his 
comparison between Figures 4 and 5 at 40 
degree centigrade ambient. The calcula- 
tions for emergency operation are based 
upon a 175 degree centigrade surface tem- 
perature ceiling for bare conductors and 
upon a 130 degree centigrade surface tern- 
peiature ceiling for covered wire. 

Mr. Enos alleges that Schurig and Friek 
have made a serious eiTor because they did 



not, in their formula for radiation, sepa- 
rately identify either the "angle-factor," 
or the "emissivity factor" of the inclosure 
surrounding the conductor. For the case 
of a completely inclosed body which is small 
compared with the inclosing body, as in 
the case of a conductor suspended outdoors, 
Mr. Enos will find upon further investiga- 
tion that the angle factor is unity and that 
the einissivity factor of the enclosure also 
is unity. Schurig and Frick have over- 
looked neither factor. The over all ac- 
curacy of their formulas has been eorro- 
berated in the tests which the authors 
have made. 

Mr. Kendall assumes correctly that the 
authors' tests were made on the complete 
conductor rather than on its components. 
The samples were over four feet long in 
each case. Tensile tests ineluded both the 
u ire and the associated automatic line 
splices at the ends of each sample, as left 
undisturbed in their places throughout both 
the electrical and mechanical tests. Three 
eight-ineh extensometer measurements were 
made on each sample, one between bench- 
marks on the conductor, a second between 
a benchmark on the conductor and a bench- 
mark on the adjaeent splice sleeve at one 
end of the test sample, and the third, like 
the second, made between the wire and the 
splice sleeve at the other end of the test 
sample. The authors had expected some 
trouble with strand slippage, and so forth, 
but the extensometer tests from wire to 
splice disclosed no evidence of it. The lay 
of the strands had been pretty well com- 
pacted during the heat runs under tension 
in the test frame. The samples were moved 
from the electrical to the tensile test, with- 
out hending-. The authors, therefore, have 
confidence in their test but realize the 
limitations of the eight-inch extensometer. 
The tests were made primarily to determine 
breaking strength. 

The authors do not share Mr. Kendall's 
concern about the limiting effect of spots 
where there have been electrical burns or 
mechanical damage. They are satisfied that 
the copper has long sinee been completely 
annealed at the location of every burn which 
has any significant effect upon the con- 
ductor cross section. Mechanical failure 
is to be expected at mechanical weak spots. 
It is to be expected long before there would 
be any reasonable probability of further 
weakening by operations in Philadelphia 
of circuits designed to observe the stated 
ampere load limits. 

Mr. Holm appropriately calls attention 
to the substantially higher ampere load 
limits which ean be secured when desired 
by taking advantage of the greater surface 
to cross-section ratios that are obtainable 
in tubular eonduetor shapes or their equiva- 
lents. 

Mr. Olmstead's review summarizes very 
well both the paper' and the discussion of it. 
Each of the factors he lists is one to be con- 
sidered in establishing line ratings, although 
the last five factors lie beyond the stated 
scope of the paper at hand. 
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220 Ky 

LIKE AND TS?MmAL EQUIHSNT TE2RMAL CAPABILUfy &IUBY; 
ELECTRICAL RESEARCH PROJECT T-kk 

Introduction 

In order to make aaocLxmm use of our present transmission and 
substation facilities, as *rell as to develop realistic line and station 
specifications ??cr future additions to the system, it ic necessary to 
determine a thermal capability for the 795 and 1033*5 Mem line conductors 
and the substation terminal equipment.. Some work has already been done 
along these lines (for example, the thermal rating of self-cooled oil-? illed 
transferrers) and the subject study eapan&s this vcrk to include thermal 
capabilities for major substation terminal equipment as veil as the 
transmission lines be tureen substations. These thermal ratings apply 
specifically to cur system conditions , end take into account the small 
probability of simultaneous occurrence of linating conditions, such as nigh 
teisperature, Iot; -Jlnd velocity, and max?J!iuiri circuit leading. 
Conclusi ons 

1. With feif exceptions, the ltaxircum conductor teisperature of the 
220 kv -transmission linos is limited by the increased conductor sag \faen 
operating at higher temperatures , This increased sag reduces the conductor 
ground- clearance and clearance over facilities of foreign utilities • 

2 . Shn. rcazisiira current for the line conductors must be limited 
to a value vhich will produce a, conductor temperature no greater thm that 
allowed by iain:lF.vm clearance requirements . 

3* Frosi a thermal standpoint, terminal equipraent in 220 kv sub- 
stations is as good as, or better than, the connecting transmission conductor 
xrith the exception of several 800 aiEoere line traps which -zust be tested to 
determine their overload ability- However , in order to operate at the higher 
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temperature levels. all connectors , terminals, air break switch and CCB 
contacts must be properly maintained in order to insure that contact area 
will not overheat. 

4. The attached Summary (Appendix l) shows the existing maximum 
operating current under summer and winter conditions for the 795 sn& 
1033-5 Mem line conductors. Also noted are limitations imposed by sub- 
station terminal equipment* 

5- The capacity of most lines can be increased by making certain 
construction changes on the line. The ultimate capability under sunnier 
and winter conditions for each line is also shown on the attached Sursnary 
(Appendix l), along with the additional linitations iirpcsed by terminal 
equipment . 

6. Th-^se EvaxiTuCT currents, with the load durations typical of 
our system and ^-Bather conditions typical of our area, trill result in 
negligible conductor annealing. 



Further details r>s to the changes needed to increase the capability 
of specific line^ are given in Appendix II. 

Cost estiniates to remove both the existing and ultimate terminal 
equipment limitations are given in Appendix III. 

Results of tests to determine overload capability of line traps 
will be given in a supplementary report. 
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Summary 

By tolling advantage of the thermal capability cf 220 kv lines 
and substation terminal equipinent 03 determined in this report, 220 kv 
lines can carry currents one and one half times those presently specified 
in conductor hand hooks. 



lines on PP&L Co. system is limited to k-9 C (120 ?) due to the ground 
clearances vhieh ware specified in former design conditions. This licit s 
the current to 775 carrperes in the sunanertiice and 1050 amperes in the 
wintertime for 795 Kcxn ACSR conductor. 

Construction changes as specified in Appendix II are necessary 
to take full advantage of the thermal capability of these six 220 Izv lines. 

Construction changes as specified in Append!:: Ill are necessary 
to take full advantage of the thermal capability of the terminal facilities. 



The operating temperature for 6 out of the 13 existing 220 kv 
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DISCISSION 



General 

At the outset, it must be noted that this study vas conducted 
strictly on a thermal bcsis; no consideration has been given to limitations 
imposed by voltage drops, system stability, etc. 

The first step in the study is to determine capabilities for the 
most commonly used transmission line conductor sizes, both copper and ACSR, 
starting *rith xhe 220 kv system. This will specify the maximum current 
vhich can be transmitted beween stations as limited by the conductor, 
and it vili be necessary -bo investigate only those terminal facilities 
whose published ravins is less than this maximum line current. 

Procedure 

TtvD methods can be used to solve this particular problem: 

1* Determine the maxiisura conductor operating temperature for 
each line, giving proper evaluation to aiioirrble loss of strength, minimuza 
clearances and connector Imitations , From, this, the current carrying 
capacity can be determined from curves or formulas, talcing into account the 
probability of simultaneous occurrence of high ambient temperatures, low 
wind velocity and time of maximum loading, 

2. Determine from system conditions the maximum current vhich 
each line will be required to carry. From this and the kno:m ambien/c 
temperature and -wind velocity, the mo-cimum conductor terrperature can be 
calculated- Check each line at this temperature for satisfactory clearance 
and cumulative loss of strength* 

Method #1 is used throughout this study, Kethod #2 would require 
continually revising the conductor limitations as system conditions changed. 

Characteris tics cf C op per. Aluminum and ACSR Conductors 

Tiro factors must be considered when a copper or aluminum conductor 
is operated at temperatures above the normally usedT design temperature: 

1. Increased sag resulting from thermal expansion may reduce 
conductor clearances below minimum safety requirements. 

2 * Heating causes a loss of conductor tensile strength (anneet in^) • 
This 2.s a cumulative condition and subsequent ice loadings on a par tially ° 
or^ fully -mealed conductor under tension could result in increased s-gc 
with corresponding reduction in clearance and/or failure of the conductor- 
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Meetings ^ere held with representatives of Alcoa Aluminum and 
Anaconda Wire & Cable Corp. to discuss the characteristics of aluminum 
and copper conductors . Because of the many variables involved in line 
construction, conductor size, minimus* clearances and allcrrrable loss of 
strength, neither conrpany vouid make recommendations concerning the maximum 
operating tearperature for transmission line conductors. However, they 
presented various curves irhich show the relationship between loss of tensile 
strength, operating temperature and time for conductor grade aluminum and 
copper. Figure 1 shovrs that for en aluminum conductor, annealing begins 
at a temperature 3lightly above room tesrperature but that the rate of 
annealing is not significant until aluminum exceeds 85 C (I85 P) . 

On the other hand- the strength of the steel core in ACSK conductor 
remains essentially constant up to ^50 C (Qh2 F). 'Therefore, the annealing 
curves for AC3R conductor are a composite of annealing curves for steel and 
for aluminum, the exact relationship depending cn the ratio of aluminum to 
steel strands in the ACSR cable* Calculations cho;r that for 795 ^czn, ?V7 
ACSR conductor, a 20^ less of strength in the alr^iinusi strands results in 
an 11$ loss of strength in the coizrplete cable. 
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Figure 2 shows typical annealing curves for a copper conductor 
end indicates that the conductor can be operated continuously at 60 C 
(ikO F) with essentially no allealing. Operating at 85 C (185 F) produces 
3$ loss of strength in 1000 hours and 20$ loss of strength in 10,000 hours. 
The annealing associated with high tesrperature operation in both aluminum 
and copper conductors is cumulative * 

Any closed magnetic circuit around the conductor , such as that 
made by inalleable iron suspension clamps on older lines, could result in a 
temperature at the clasp higher than the conductor teorperature at mid- span, 
depending on the ratio of heat producing ability of the clasp to its larger 
heat dissipating area. Higher tetrrperatures are particularly liable to 
occur if magnetic type clezaps have been installed without armor rods . 

For conductors which are not under mechanical stress, annealing 
need not be considered, and the operating teinperature is limited by the 
conueetors, the clearance to other conductors, or the melting point of the 
conductor- 

Collection and Processing of Weather Bureau Data 
* - ~- 

In 1$&3, a paper entitled "Aurpere Load Units for Copper in 
Overhead Lines" was presented to the A335E by Messrs. A. H. Kidder and 
C. B- Woodward, both of the Philadelphia Electric Co* This paper proposed 
line limitations based on a study of U.S. Weather Bureau data to determine 
the probability of simultaneous occurrence of high temperatures and low 
wind velocities. By combining certain terms in the original Schurig and 
Fricfc formxLas>v, a so-called weather factor can be derived. A literature 
search revealed that there ere several other fomulas from which a similar 
weather factor can be obtained. One of these was unduly complicated, 
talcing into account such variables as absolute viscosity, density, and 
thermal conductivity of air, while other fomulas made too many unwarranted 
simplifying assvuptions . 

Formula for Current Carrying Capacity 

The expression finally decided upon for our study is adapted 
from en article appearing in the Electrical World, Hay 15, 19V3, entitled 
"Current Carrying Capacity of Overhead Conductors" by Mr. K. A. Enos. 
Reduced to its simplest terms, this relationship is: 

y 2 z - (1.7 x io"-) (Tg - ay (t c ❖ T a ) ^ = k 

log (1^009305 CPc » . , 1 
° ( -57 v 1 ) 

where I = current in amperes, R - conductor resistance in ohms 
per foot, ? c = conductor temperature in absolute degrees, T a = 
aabient tenrperature in absolute degrees, V = wind velocity in 
feet per second and D = conductor diameter in inches . 

K can be evaluated from Heather Bureau data for any given 
conductor and surface tenrperature (? c ) 
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The next step was to gather all available hourly Weather Bureau 
data for the PP&L system. For the sterner months (June, July and Ai«?ust) four 
years of records vere available, three from Allentc:m-Bethlehar-Eastoa 
Airport and one from Harrisburg Airport* For the winter months (November, 
December and January) three years of records were available from Allentovn- 
Bethiehem-Easton Airport- This information vac transferred to punched cards 
and processed on the IEI4 650 computer, which combined the various ambient 
temperatures end wind velocities with an assumed conductor temperature of 
100 C to calculate a frequency distribution curve of the weather factor, K, 
for 795 K<sa ACSS conductor. This distribution curve for both summer and 
winter months is shown in Fig. 3. 
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Taking the summer curve as an example, it is seen that the lowest 
value of* K is ko and this would be the limiting factor as far as summertime 
maximum current carrying capability is concerned. The lowest winter value 
of K is 55* Since the conductor diameter appears in the denominator of the 
logarithm of the egression for K, the values of K would change very little 
for other size conductors. 

Calculation of Current Loading 

Determination of Conductor Temperature 

After determining the frequency distribution of weather, a program 
was set up on the IBM 650 computer whereby the maximum conductor temperature 
corresponding to certain currents can be calculated for various size 
conductors both AC3R and copper. Essentially, the steps involved are as 
follows: 

1. The wind velocity is assumed constant at 2 ft per second. 
From "the previously calculated values of X and a conductor temperature of 
100 C, a corresponding ambient temperature is determined for specific values 
of K between J*0 end 60, since it is 'these lower valxies which impose the 
temperature limitations on a conductor. 

2. 2his calculated ambient temperature, along with a wind velocity 
of 2 ft per second, is c instituted for a specific conductor whose resistance 
and diameter are known . 

3- The corresponding conauctor temperature for different values 
of current is calculated from the above formula. Current is varied in 100 
amp steps } and the program ceases automatically when conductor temperature 
fallfi below kO C \lCk F). From this, a family of curves can be plotted 
showing the conductor temperature versus the maximum current for" specific 
values of the weather factor K* A saisple of these curves is shown" in 
Figures h and 5, for 795 Kcia AC3R conductor and 1033 • 5 Mem A03R conductor, 
respsctive3-y . Figure k shows that for K = 1*0 (minicuai summertime value), 
795 Hem ACER conductor can carry 1300 amps without exceeding .125 C conductor 
temperature. Figure 5 shows that a IO33.5 Hem conductor can carry 15C0 amps 
under similar conditions. 
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Review of 220 kv Lines 



All existing 220 kv lines on the PP£L Co* system were reviewed by 
the Transmission Division to establish a maximum conductor temperature under 
which each line could safely operate. This cax imua temperature is dictated 
by one 01 nore of the following items: 

1. Reduction of conductor aaechanieal strength due to annealing. 

2. Increase in sag at higher tecmeratures causing either reduced 
ground clearances or reduced clearance to foreign facilities* 

3* Localised heating in magnetic type clairos • 

h. Localized heating in compression splices and dead end assemblies . 

With these factors in mind* a review or the 220 tor lines inoicacea 
that recently constructed and all future lines under present design condi- 
tions nay he operated at 93 C (200 P) contjjwxmsiy, or at 12? C (257 for 
a maximum of 10,000 hours. 

The 795 Mca AC3R conductors having $k aluiainun and 7 cteel strands 
on the original Uallenpaupack-Siegfried line are stressed to &$.2p of their 
ultimate strength under a mechanical load of 1" of ice in the southern 
section or l~l/2 M of ice in the northern section and a wind pressure of 8 lbs 
per square ft. This conductor is stressed too high to allosr any loss of 
strength due to annealing. Suspension clanros are of the magnetic type and 
no error rods are installed. In order to operate at 93 C (200 F) it* would 
be necessary to (l) improve ground clearances to cset minimum standards, 
(2) ins-call norv-icagnetic type suspension clerrp3 ana annor rods, and (3) take 
corrective measures to insure no localised heating in compression fittings 
and dead end assemblies . 

Existing lines, other than the above-mentioned Wallenpaupack- 
Siegfried line located in leading districts of 1 ,! radial ice or" less nay 
be operated at 93 C (200 y), with up to 10,000 hours cf operation at 125 C 
(257 F ) providing lines are equipped with nonmagnetic damns and armor rods 
and that ground clearances and utility clearances are adequate. 

Exist:' ag lines located in leading districts of EK>re than 1" radial 
ice znay be operated to temperatures of 93 C (200 F) providing they c:eet 
the conditions as stated previously. Operation at higher te^cratures is 
not recommended for existing lines in these severe ice loading districts . 

General line data, together t/ith specific recommendations for each 
line, the construction changes required to operate at higher texrrnerature3, 
and the estimated cost of such chcuges, as prepared by the Transmission 
Division are shown on the susssary sheet in Appendix II. 
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Load Duration on 220 Kv Lines 



The Systen Operating Dept. prepared load duration curves for various 
220 kv and 66 }r/ transmission lines . Kiese curves zho'r the loading conditions 
(loading in anrperes versus the cumulative per cent of lead duration) for the 
printer of 1957-1953 and the suna&er of 1959- The line loading was obtained 
from station lege and is the average of the three phase currents for each 
line . The seasonal leading vac based on loads for one week each from Deceiver, 
January, end February for the printer curves and one week each from June, July 
and August for the Sisn&er curves . Bates were chosen when operating conditions 
for each particular line werenoraal* 

By combining the available 220 kv siamer line loading curves, a 
composite curve for the sisnmer of 1953 can be derived. See Jrigure 6. A 
similar curve can also be derived for winter leading conditions. 

The portion of this line loading curve of primary interest from 
a thermal standpoint is the loading from 75$ to 100^. Shis part cf the curve 
is shown in the enlarged view on Figure 6. The portion of the summer weather 
curve of primary interest frort a thermal standpoint is that part frcsn K 51 kO 
to K - 50* This pert of the curve has been expanded in order to obtain 
more accurate readings of duration and was shown in the enlarged view on 
Figure 3- 

The probability of a low weather factor occurring ainailtaueoissly 
\rith a high line leading is the product of the probability of each occurring 
independently. Pron the conductor terrperature information obtained for 
various atrrpere loadings fro™ the £EM 650 computer, the usajciEiUE nunber of 
hours per year a*o operations greater than the sniniauri annealing teraperature 
can- be obtained* 
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Detergiination of Conductor Annealing 

The maximum operating temperature on the lines is dictated largely 1 
by clearance conditions and this in turn fixes the maxinnu amount of (Current? *~ ^ 2 
which can be carried on the line* However, it is necessary to determine ~~~' t %. " 
whether this maMiraua current will cause excess annealing under weather end'"'' 
loading conditions typical of PPSi system. Ey corabining the cojEposite 
loading curve of Figure 6 and the veather factor curve of Figure 3, the 
nunsber of hours during Hhich annealing can be expected to occur can be 
calculated. The method of doing so is illustrated in Figure 7. This figure 
is constructed specifically for a 795 Mem AC3R conductor, but the seme 
principle can be applied to any' size or type conductor. Results indicate 
that a Eaxiauia of 18 hours of operation in excess of annealing temperatures 
could be expected to occur during a typical sunaaer, if current is limited 
to the maximum allowed by clearance conditions . For a 795 Men conductor 
this is 1300 anps, and for a 1033-5 I&m ACSR conductor the maximum current 
is 1503 eras. Stellar lead duration and veather factor distribution TOuld 
occur during the winter months , but because of the Ictrer ambients and higher 
^rind velocities- the aaxisiua current ratings can be increased to l':«75 asms 
for a 795 21cm ACS3 conductor and 1675 csros for a 1033.5 Kca ACSR conductor. 
Under these conditions, it can be safely said that another 18 hours of 
operation in excess of annealing temperatures could be e;coected to cccur 
during a typical printer (Scvesber, December and January) ."' This results in 
a total of some 30 hours per year. 3ince there is a 10,000 hour maxinraa 
allowable time for operation at 125 C, and since operation of a typical line 
indicates only 36 hours per year at veasperacures between 80 and 125 C, it 
can be seen that the total life of the conductor is in excess of 300 years, 
veil beyond the actual useful life of a transmission line* It may be 
practical to design the clearances on future circuits to bring the annealing 
characteristics of the conductor snore closely into line with the useful ] if e 
of the circuit. 



S^S^L^g ^£S£H!^ ±n £S0 *£Z Substations 

Appendix III lists the existing terminal eautDaen* and its neir.e 
plate rating for each line terminal at all existing 220 "tar substations- 
Also included is the existing and ultimate capability of the connected 
transmission line under cu^ertime operating conditions . If any of the 
terminal equipment restricts the operation of a transmission line from its 
existing or ultimate capability, this is so noted and an estimated cost is 
given to remove this terminal equipment limitation. 

The following general considerations concerning substation terminal 
equipment should be noted: 

is Wi-ai a exceptions, connectors, terminals and ecuipment in 
*20 kv substations are as gocd as. or better than, their connecting trans- 
mission conductors from a thermal standpoint. However, in order to operate 
a$ higher tenperature levels, ell connectors, -terminals, air break switch 
end CCS ccncaccs must have adequate contact pressure to prevent overheats. 
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2. Air break switches vhlch are normally rated at 1200 shpos are* 
considered ccpsble of carrying 13C0 azps continuously, I5C0 siots forneriods 
up to 3 months and 1650 ssps -for periods up to 2 days* Switches should "be 
inspected at the first opportunity after carrying core than 1^00 amos and 
contacts cleaned and adjusted accordingly* If this is done, high current 
operations, as stated above, can be repeated on these switches. 

3* In all cases vhere the primary circuit of a current trans- 
former is overloaded, all current coils in the secondary circuit should be 
checked in order to avoid pinning of indicators for switchboard raters, to 
prevent overloading of relays, vzirzoters and wattmeters, and to maintain 
interconnection petering accuracy, in these respects, each terminal is 
different and rnust be considered on its aim merits. From a thermal stand- 
point, little information is available concerning the overload csoability 
of bushing current transformers; however , it is doubtful that bushing 
current transformers would be a limiting factor u 

ho in general, if the terminal equipment coordinates with the 
suc^erciine capability of the trcnsnission line, it will coordinate with 
the wiaterfciiM capability, provided current coils in the current transformer 
secondary circuits have been checked as described previously. 

5. If a transmission line terminates in a transformer (such as 
at So. Akron or west Chore), it is the transformer vhich restricts the 
Eaximum capability of the line. 

Summary 

By taking advantage of the thermal capability of 220 kv liu^.s 2nd 
substation terminal craiprxsnt as d^ter^ilned in this report, £20 kv lines 
can carry currents one and one half tiises those presently specified, in 
conductor handbooks. 

The operating teiiperature for six of the 13 existing 220 kv lines 
on EKi Coc cyotsn is limited to k$ C (120 ?) due to the ground clearances 
which vere specified by former design conditions c This limits the current 
to 775 amperes in the crater fcise and lOpO amperes in the wintertime. 

Construction enrages as specified in Appendix II and ttt vculd be 
necessary to take saxissan advantage of the thermal capability of these 
existing 220 kv transmission lines and terainai. facilities. 
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INSTRUCTOR'S GUIDE 



CASE TITLE : Steady State Thermal Ratings for 220 KV Over- 
head Conductors 



RELATED UNDERGRADUATE CURRICULUM AR EAS ! 

1 . Thermodynamics . 

2. Heat Transfer. 

3. Power Systems Analysis. 

4. Engineering Analysis 



SyNpPSIS : High voltage transmission lines are not normally 
limited by voltage drop considerations but rather by the 
increase in temperature of the wire resulting from the I^R 
losses. This case study describes the approach taken by 
two engineers in the Pennsylvania Power and Light Company. 
At first glance, the problem would appear to be simply the 
determination of the heat loss from an infinite cylinder 
with internal heat generation* However, the exercise of 
considerable engineering judgment was required to analyze 
the effects of the most severe weather conditions and the 
loss of strength due to annealing in the composite wire. 

The significant increase in current carrying ability 
of the existing company lines resulting from this study 
has deferred the need for new transmission lines and post- 
poned substantial capital expenditures . 

QUESTION? EQR THOUGH T discussion 
After reading Part A: 

1. What method or equation would you recommend to 
evaluate the heat loss from an infinite cylinder 
with internal heat generation under outdoor con- 
ditions? 
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2. What information would you need to obtain to eval- 
uate the heat loss? 

3. Discuss the pros and cons of exceeding the anneal- 
ing temperature under emergency conditions. 

4. Read the two papers in Part B, references IB and 
2B, including the discussion following the second 
paper. Discuss. At this time questions 1, 2 and 
3 should be reconsidered and comparisons made . 

After reading Part B: 

1. What do you think are the reasons that led Ed and 
Jack to use the relationship presented in the ar- 
ticle by Mr. Enos? 

2. The equation used to determine the heat loss is 
for the forced convection case. How was the con- 
dition of very low wind speed handled? 

3« When a conductor is operated at high temperatures , 
what factors must be considered? Analyze a homo- 
geneous and a composite material to appreciate 
the difference. 

4. Read Ed Reis's report, reference 3B. On page 27B 
the method employed for the determination of con- 
ductor temperature is outlined. Using the follow- 
ing information for 795 Mem ACSR conductor 

conductor outside diameter - 1.40 inches 
conductor ac resistance = .117 (1 + .00403 

(T c - 25C)) ohms/mile 

a. Calculate the ambient temperature correspond- 
ing to several values of K between 40 and 60. 

b. Write a computer program to obtain the data 
for the curves on page 28B (note that K does 
not remain a constant on each curve). 

c. Devise an alternate method of obtaining the 
curves on page 28B and compare. A suggestion 
is given below and on the following page: 



i. Assume a reasonable value of ambient tem- 
perature, calculate the wind speed for 
a given value of K. 
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ii. I 2 R « K « g(Tc), (V, Ta § D known) 
2 K 8 (T c ) 

vary T c and obtain I. 

5. Discuss the pros and cons of ignoring solar and 
back radiation. 

6. Clearly identify the times during the project where 
engineering judgment was exercised. 



